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ABSTRACT

The effects of a high fluid pressure environment on electronic

components has-been examined with emphasis on semicondictor devices

including integrated circuits. The impetus for this study has been

the possible application of electronic systems in the deep ocean

without protection from the large hydrostatic pressure of that envit-

onment.

The effects of both the fluid and the pressure on components

inmersed in oil at pressures up to 15,000 psi have been considered

theoretically, with experimental verification when possible. It is

concluded that structurally homogeneous electronic materials such as

silicon and germanium will not be affected by the high pressures.

Similarly, while the fluid and the impurities contained in it can

potentially cause changes in semiconductor device properties, none

are expected to occur because of the advanced manufacturing and pack-

aging techniques currently employed for such devices. The effects of

pressure will be most evident on components containing voids within

the package. For example, metal enclosures for semiconductor devices

will be deformed at pressures equivalent to i~ersion at several

hundred foot depths in the ocean.

Pressure hardening techniques involving free flooding and component

structure design are described.

xv



STUDY OF CONTE1PORARY ELECTRONIC COMPONENTS

UNDER A FLUID-PRESSURE ENVIRONI-MENT

1.00 INTRODUCTION

The purpose of this report is to document the results of a study to

determine the influence of a fluid-pressure environment on contemporary

electronic components. The study has been concerned with: (1) an identi-

fication of problem areas, (2) evaluation of devices and components in

view of problems, (3) Identification of failure modes and techniques to

Sprevent failures, and (4) development of technology to be used to harden

as many components as possible for use in undersea applications. The

results reported here are based on both theoretical and experimental

considerations. Due to the complexity and size of the total problem

*: of outboarding electronics, the study has of necessity been limited to

critical areas with many interesting and needed considerations forgone

in the interest of time and funds.

1.1 Past Work and Future Needs

The desire and indeed the successful accomplishment of outboarding

electronics is not new. As early as 1959 [Ref. 1], testing was started

to determine the effect of deep ocean pressures on both passive components,

resistors, capacitors, inductors-transformers, and thermistors and active

components, transistors and batteries. Subsequent tests were performed

in the same manner [Refs. 2, 3, 4]. The approach was strictly empirical.

Typically used components were selected and circuit parameters, resistance,

capacitance, inductance, leakage, currents, etc. were --onitored to determine

their change in value versus pressure. Insofar as components could be

generally classified by type, the results were sitmilar:

I



1. Carbon-composition resistors usually changed value by -20Z/1000

atmospheres to -30%/1000 atmospheres. Wire wound or film type

resistors usually exhibited little change in resistance with

pressure.

2. Capacitors of completely filled construction, such as molded

or dipped mica, glass, mylar and impregnated paper types, usually

showed small change in capacitance with pressure. Exceptions

were traceable to internal voids. The effects of these voids

were more noticeable for tantalum and aluminum electrolytic

capacitors, which usually exhibited severe case deformation

and often failed.

3. Inductors and transformers with laminated cores usually exhibited

little parameter value change (inductance or voltage ratio).

However, porous core structures such as permalloy dust, tape

wound and ferrites were found to exhibit large value changes

with pressure.

4. Transistor cases crushed at pressures which depended upon size,

the larger the case size usually the lower the pressure at

which it failed.

A few attempts at modification were made. Potting was found to be

effective in increasing component pressure resistance, particularly when

"a flexible silicone rubber under coat was used prior to the addition of

"a oore rigid outer cover such as epoxy [Ref. 2]. Potting of complete

circuits was also found to be effective [Ref. 2). Another technique,

flooding, was also found successful, at least on a short term basis.

Flooding with oil was used on transistors [Refs. 2, 31 without evidence

2



of contamination up to a month. Flooding a permalloy dust core with oil

reduced the maximum change in inductance with pressure from 32 percent

"to one percent [Ref. 2].

This previous work has been empirical, generally an attempt to find

usable components to fulfill a particular need. In some cases, the desig-

nation and manufacturer of the components tested has been given (Refs. 1, 41.

In other cases, due to the required brevity of the article, such information

is sketchy [Ref. 2] or completely absent IRef. 3]. The reported results

lead to the general maxim: avoid voids. Other general conclusions are

difficult to draw, however.

More recently there have been two activities within the Navy in this

field. The first of these has been at the Navy-Ship Research and

Development Center at Annapolis, Maryland [Ref. 3]. This work has been

concerned primarily with a review of the total problem of outboarding

electronic systems and consequently considering such important problems

as selection of the pressurizing fluid. Reference 5 contains many

important references and summaries of past work. The other Navy study

is being performed at the Naval Undersea Center, Hawaii Laboratory

[Ref. 6]. This work has concentrated on evaluating the feasibility of

utilizing cff-the-shelf electronic components. Numerous devices have

been identified as potential candidates for outboard applications.

The present study is in direct support of the NSRDC effort.

Emphasis has been placed cn obtaining fundamental information for use In

characterizing the influence of a fluid-pressure environment on electronic

components and to identify pressure hardening techniques to qualify

devices which will not withstand the environment. Because a fair amount

of work has been reported to date on passive components, the emphasis of

3



the present program has been to formulate an analysis that will explain

the previous test results. For semiconductor components, however, a

more ambitious program has been undertaken. This has been done for two

reasons: first, the amount of past work reported in this area is slight,

and in little detail; second, the recent trend in integration of devices

and components in semiconductor microcircuit form has and will continue

to revluuticnize circuit design. If a study of pressure effects is to

be of value to designers of future Navy outboarded equipments, it must

deal with those devices and components that designers must use to carrv

out the increasingly complex operational and explorational misslo•.s of

this decade and beyond.

A discussion of the semiconductor devices most likely to be used

and the justificatlon for selection of representative types is given in

Section 1.2 below. Chapter 2.0 presents an analysis of the effects of

pressure on component housings and pockages, including a discussion of

methods of reinforcement or redesign to improve pressure resistance.

Chapter 3.0 deals with the problems caused by direct exposure of component

internals to the pressurizing fluid. Chapter 4.0 presents a su•ary of

the results of the study to date and their relation to the anticipated

problem.. Chapter 5.0 gives our recomendations for further research.

1.2 Selection of D.vices for Testing

In order to obtain an idea of what components are wtest likely to

V be used in systems .lesigned in the near future for outbharding, which

components must nec'!ssarily be tested for pressure tolerance, we first

l,-ok at several system types that wonild possibly be out',oarded. For con-

venience, we divide these into categories of electronic power supplies,

sensing and signal ,rocessing systems. information procassing and control

s--stecs, and power ,nd propulsion control systems. Tables 1.1, 1.2, 1.3

4



Table i.I: Major Components in Electronics Power Supplies

A. Discrete Components

1. Transformers

2. Inductors

3. Capacitor

4. Rectifiers

5. Series Pass Regulator
(Power Transistor)

6. Resistors (Divider and
Bleeder networks)

7. Thyristors (SCR, TRIAC, etc.)

B. Integrated Circuit Components

1. Voltage and current sensing and
control

2. Reference voltage supplies

3. Zero-voltage switching control

C. Fabrication Components

1. Hard wire and solder

2. Heat sinks

3. Circuit board (hard wire or p.c.)

4. Device sockets and board connectors
(plug in)

5. Metal chassis, brackets, etc.



Table 1.2: Mzjor Components in Sensing and Signal Processing Systems

A. Discrete Devices

1. Crystals (reference oscillators, filters)
2. Delay lines

3. Transistors

4. Diodes

5. Capacitors

6. Resistors

7. Inductors

8. Transducer elements

B. integrated Circuit Components

i. Linear WC's (op amps, references)
2. Non-linear IC'W (comparators, one shots, D/A andA/D converters, function generators, etc.)
3. Digital IC's

C. Hybrid Components

1. Linear chips

2. Non-linear chips

3. Digital chips
4. Passiva component chips or pellets

D. Fabrication Components

I. Hard wire and solder

2. Heat sinks

3. Circuit board (hard wire or p.c.)
4. Hybrid substzate and lead frame
5. Device sockets and board connectors (plug in)
6. Coaxial cable or shielded multi-pair
7. Chassis, brackets
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Table 1.3: Kajor Components in Info-mation Processing and Control Systems

A. Integrated Circuit Components

1. Gates for in/out routing, control
2. Shift registers

3. Arithmetic processors

4. Flip-flops
5. Programmable memory

6. Read only memory

B. Discrete components

1. Crystals (reference oscillators - clock)
2. Delay lines

3. Transistors

4. Passive components

C. Hybrid Components

i. Transistor and diode chips or pellets2. Passive component chips or pellets

D. Fabrication Components

1. Hard wire and solder

2. Heat Sinks
3. Circuit board (hard wire or p.c.)
4. Hybrid substrate and lead frame
5. Device sockets and board con-actors (plug in)
6. Coaxial cable or shielded multi-pair
7. Chassis, brackets

7



and 1.4 give, respectively, a listing of the components commonly found

in systems of these types. These components are divided into discrete

components, in other words, those components containing only one device;

integrated circuit components in which a variety of electronic functions

are performed in one package; and fabrication components including the

hardware that is necessary to interconnect and mount the discrete and

integrated circuit components. Another category which is included is

that of hybrid components. The hybrid components are those components

which serve a multifunction purpose and are different from integrated

ccmponents in that they may be composed of several chips and may be used

-n the same circuit with discrete device components, all mounted in ene

package.

These listings are not meant to be exhaustive, but are meant to live

indI:ation of the variety of components which must be investigated

,a u.-, oe proved to be pressure tolerant or proved to be modifiable to

S-ýsure tolerance in order that the systems of these types may be con-

"ructed for outboarding in submersible vehicles. With these llstifgs cs

a guide, ue now go or, to discuss the justification for including the

semiconductor device components which are considered to be useful to the

•v.tens designer, both in the immediate future and several years from now.

Discrete treisistors for a long time to come are most likely to be

used In power applications, that is, in those applications which require

the handling of high currents or high voltages in a circuit. Except for

relatively rare occurrences, such as mentioned in (Ref. 71, placement of

power transistor structures on an integrated circuit chip is impractical

due to the large area required and because of the heat generated during

operation. Large areas increase the probability of manufacturing defects

8



Table 1.4z Major Components in Power and Propulsion Control Systems

A. Integrated Circuits

1. Linear IC's (op aaps, references)
2. Non-linear IC'p (D/A converters, one shots)
3. Digital IC's kLilp-flops and logic functions for

alarms, interlocks and switching control)
B. Discrete Coponents

I. Rectifiers
2. SCR's (uni- and bi-directional)
3. Power transistors
4. Capacitors (commutation, coupling, filtering)
S. Resistors
6. UJT and four-layer devices
7. Trangtormers (pulse and power)

8. Inductors
9. Electromechatical contactors

10. Surge and RFI suppressors

C. FatrirJor
0  Cosponents

1. Hard wire and solder
2. neat sinks

3. Circuit board (hard wire Qnd p.c.)
4. Hybrid substrate and lead frame
5. Device sockets and board connectors
6. Coax cable or shielded multi-pair

7. Chassis, brackets, etc.

9



due to the presence of crystallographic faults in the silicon wafer, or

due to inhomogeneous conditions over the wafer's surface during one or more

4 of the processing steps in constructing the circuit. In addition, the

large power dissipation of a power transistor structure means that the

heat must be dissipated and that the surrounding area of the chip is

raised to a fairly high operating temperature. If this can be porsibly

avoided in the small signal circuits, it is desirable to do so. For these

reasons, it seems most likely that far into the future, whenever small

signal processing components and power transistor components must be

used in the same circuit, that the power transistor components will be

separately mounted away from the small signal processing circuit chips

so that the power dissipation of the higher power componen.ts can be

adequately taken care of without undue temperature rises In the small

signal circuits.

The next category of components is that of small scale, or medium

scale, integrated circuits. These are used in relatively simple systems,

such as those for sensing and signal processing, or those for exercising

control. Table 1.5 lists a few applications of some small scale, integrated

circuits in typical systems for signal processing such as communications.

A wide variety of operational amplifiers and small scale integrated

circuits are available for linear signal processing, such as amplification,

and filtering of signals. These small signal integrated circuits operational

amplifiers may also be used for nonlinear applicationsg such as modulation,

demodulation and waveform generation and shaping. However, some specialized

units are also constructed for modulator/demodulator units for constant

voltage regulation and for constant current regulation. In addition to

these linear devices and specialized nonlinear devices, also there are

10



Table 1.5: Typical App 7cations of Small Scale integrated
Circuits in Signal Processing

Amplification (DC, Audio, Video)

Balance to un-balance level shift

Automatic tuning and grain control

Active network filtering (continuous)

Analog operations (integration, summing, etc.)

Impedance matching

Timer and synchronization functions

Digital filtering

Signal modulation and demodulation

13.



linear/nonlinear combinations which are used in circuits such as sample

and hold circuits A/D and DiA converters, multiplier/dividers and similar

circuit types.

Digital IC devices also can be obtained in small scale IC form, but

may also range up to very large scale IC form, Examples of the small

scale digital IC's are hex inverters and flip-flops, and examples of

large scale devices are shift registers, programmable random access

memories (RAM's) and read-only memories (ROM's). A comparison of the

major IC digital logic families taken from a recent survey [Ref. 8] is

available for various circuit design Implementations, is shown in

Table 1.6. Another table, Table 1.7, shows the availability of various

functional types and the respective families [Ref. 8]. Since the

referenced article was published in December 1970, many additional

functional types have become available, particularly in MOS and CMOS

circuit implementations.

in addition to the bipolar transistor type logic families, such as

the TTL, DTL, and ECL families, the MOS and MOS structures are- rapidly

beco-aing major building blocks in circuit design. This is because

important improvements have been made in reducing the area committed to

the building block device in these digital IC circuits and due to the

fact that many of the OS type circuits can be made much more reliably

than they were when they were initially introduced onto the market. The

advent of "self-registtring" M0SFET structures has enabled greater

fabri.cation simplicity, higher functional packing densities and ease of

circit design for high speed operation [Ref. 9].

12



Table 1.6: Availability of functions for various IC families [Ref. 81
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The small scale integrated circuits and medium scale integrated

circuits are used In those applications where the designer wishes a high

functional packing density. For instance, with a small scale integrated

circuit, one can obtain several transistors on one chip which takes up

just a fraction of the volume of the same transistors packaged as discrete

devices. The medium scale integration of operational amplifiers offers

the circuit designer the possibility of almost ideal black-box type circuit

design in which he can use the inherently high gain of the operational

amplifier in connection with suitable feedback elements to achieve whatever

gain characteristic is required in this circuit application. In addition,

prepackaged medium scale integrated circuit devices, such as modulators,

demodulators, multiplier/dividers or logarithmitic amplifiers, can shrink

the required space In a circuit and provide the circuit designer with a

much reduced design problem in that he does not have to design all of the

internals which go into making up such circuits, but has only to deal with

the input and output terminal characteristics, For these reasons it is

expected that the use of small scale integrated circuits and medium scale

integrated circuits in circuit design will be very widespread and indeed,

has already become co=on in circuit design. Since the circuit designer

will be using devices of these types, it is imperative that a realistic

testing program test whether or not devices of the various types of small

scale and medium scale integrated circult. can withstand the pressure

requirements for their application.

The saving grace in the face of the multiplicity of circuit functions

is that all of these devices are based on a single technology, silicon

planar technology. Therefore, only representative samples of such devices

need be tested thoroughly and the behavior of these circuit functions under

is



the applied pressure can be extrapolated to interpret or predict what

will happen with the other types of devices.

The maedium scale and small scale integrated circuits used in digital

logic circuits are used for a variety of functions, not only to perform

logic necessary to compute or perform various mathematical functions in

the digital logic circuits, but also in the design of go/no-go decision

making circuits which are useful in alarm and interlock. The large scale

integrated IC's will find vast application in information processing

computers, in memory and control manipulations within these computers.

in computers which are designed for use at atmospheric pressure, be

it land or sea, the magnetic core has found an almost preemptive place

in the design of large volume storage memories for computers. However,

it turns out [Rc-f. 7] that the ferrite c)re is extremely sensitive to

stress and a great deal of trouble has bien experienced in the past

whenever these cores w.re potted in such a manner as to build in such

strains. If the potting material applie.; excessive stress to the core,

then unwanted effects .re found (Ref. 101. If this happen.; with the

strenses developed in notting, it will a;suredly happen al;o with the

stresses due to hydros.atic pressure in an outboarded electronic system.

Ther:fore, it is highl" unlikely that fe'rite memory cores will be used

to construct the memor-es of outboarded computers in a preusure tolerant

electronic system. In contrast, planar silicon IC's for memory are

expected to be insensilive to deep ocean pressures.

In addition to the competitive feature of integrated c:ircuit memory

compnnents and system design, vis-h-vis "errite cores, the imagination of

IC designers is providing a great many different functions for the use

of system designers in implementing their ideas. The multiplicity of

avaflable functions enribles a more unique design on the part of an Individual



designer, and will come to advantage when the unique characteristics

required of Navy systems forces the designer to cope with the required

design constraints. In addition to the multiplicity of functional types

available, an effort is being made by many device manufacturers now to

provide compatibility among logic types. Notable in this direction is

the effort of some manufacturers to make HOS type logic circuits compatible

with bipolar TTL logic circuits so that a designer can intermix the two

types of circuits In his system design with a minimum amount of interface

difficulty. For these reasons, it seems that in the future an increasing

use will be made of the many large scale integrated circuit functions

and =ediun scale integrated circuit functions for logic circuit design

of various system types.

The large scale integrated circuits will be made and are made on

silicon chips, of planar geometry. However, it is not entirely safe to

extrapolate the results from testing of small scale or medium scale inte-

grated circuits to the testing of large scale integrated circuits because

the chip area of the large scale Integrated circuit is usually much larger.

This larger area will undoubtedly result in =ore voids in the bond between

the semiconductor chip and the header upon which the chip is mounted.

Care must be taken in the eFaminatIon of these devices, the LS1 devices,

to assure that consistently the bonding technique used to bond the chip

to the substrate is such that the voids formed are much less than those

likely to lead to extreme deformation or cracking of the chip under a

high applied pressure.

The above discussion leads to the following rationale about testing

devices whicl a.c representative of those most likely to be used in PTE

applications. Because of the marked similarity of silicon planar device

17



processing used for practically all types of devices now available, it is

necessary only to test representative davices, not test all devices.

Representative devices were selected for testing on the following

bases.

1. Small signal transistors, both bipolar (npn or p-ip) and unipoler

(field effect) types would be expected to be sensitive to tonic contai-

inat;.on of their surfaces unless adequate design in fabrication has

forestalled such effects through the use of passivation, field plates,

"channel stoppers" or rimilar techniques.

2. Silicon power transistors would be expected to be susceptible

to ie,.;hanical damage because of the relattvely large chip area which

provldes a greater possibility of voids i-t the chip to substrate bond.

in addition, some exper..ence with heat tr.nsfer characteristics of power

devic s in pressurized oil was needed.

3.Germnanium dev~ cea lack the oxide~ pessivation used on silicon

deviccs. These would bc expected to be ianediately affecte,' by any

ionic contamination in i pressurizing die~ectric fluid.

Z. Fedium scale Integrated circuitr have relatively :arge chips,

typically 50 to 60 mils per side. There vould be a greater possibility

than for smaller chips to encounter voids in the chip to sulstrate 1-cnd.

Linear integrated circuits such as operational amplifiers would include

a variety of compor.onc types on one chip such as resistors, capacitors,

diodes and transistors. in addition, the input transistors operate at

low sitnal levels and would be expected to show up any contamination

effecti which would be amplified through tj the output stages.

T'ie devices tested iad types of test -ire presented in Tiblc I.S.

18



Table 1.8: Types of Devices Tested and Types of Tests

Device
Designation Function Material Type Testing Type and Condition

2N4232 Power Silicon NPN-Plane Pressure and contamination -
Decapped TO can243740 Power Silicon PNP-Plane Pressure and contamination -
Decapped TO can

2N1412 Power Germanium PNP-Allov Pressure and contamination -
Decapped TO can

2NI553 Power Germanium PNP-Alloy Pressure and contamination -
Decapped TO can

2X2222A Small signal Silicon NPN-Plane Pressure and contamination -
Decapped TO can

2N2907A Small signal Silicon PNP-Plane Pressure and contamination -
Decapped TO can

2-526 Small signal Germanium PNP-Alloy Pressure and contamination -
Decapped TO can

2.3796 Small signal Silicon MOSFET Contamination - Decapped
N Channel TO can

3N157 Small signal Silicon .OSFET Pressure and contamination -
P Channel Decapped TO can

3N152 Small signal Silicon MOSFET Pressure - Decapped TO can
N Channel

3N140 S-all signal Silicon MOSFET Pressure - "ecapped TO can
N Channel

K164 Small signal Silicon MOSFET Pressure - Dacapped TO can
P Channel

7-N5459 Small signal Silicon JFET Pressure - Plastic package
N Channel

2N5462 Small signal Siliccn JFET Pressure - Plastic package
P Channel

2N2484 Small signal Silicon NPN-Plane Pressure and contamination
Decapped TO can

4N2483 Small Signal Silicon NPN-Plane Contamination - Decapped
TO can

2N70b Small signal Silicon NPN-Plane Contamination - Decapped

TO can
ZN2905 Small signal Silicon PNP-Plane Pressure - Decapped TO can
2N3962 Small signal Silicon PNP-Plane Pressure - Decapped TO can
SN7473. Dual J-K Silicon Plane Pressure - Plastic package

Flip/Flop

19



lable 4.8: Types of Devices Tested and Types of Tests (cont'f)

Device
Designatxon Function Material Type Testing Type and co-diticn

::reen- Silicon Plane - Pressur! -De C
Co=pensated 20 transis-"Operatio.ial tors, 12 re-
Amolifier sistors, 1

capncitor
7- 7 Precision Silicon Plane - Pressure - crOperational 20 transis- Pressure - Cer-=ic pact-.e

A-cplifier tors, 4 diode-
connected
transistors,
11 resiscors
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2.0 EFFECTS OF PRESSURE ON COMPONENT HOUSINGS AND PACKAGES

2.1 Introduction

Component housings typically present a large surface area over void

regions. Generally, the thickness of the material is sufficient to protect

against random blews in an atmospheric ambient, but not sufficient to

resist deformation under large hydrostatic pressures. Such deformation

may result in damage due to shorting of electrical circuits, catastrophic

collapse or stress amplification that leads to failure of the component

internal to the package. These possibilities make it imperative to

analyze the deformations that will occur in typical component package

configurations and to determine the maximum allowable hydrost&sic pressure

for a given package type.

The well known methods of linear elastic theory are used in this

chapter for the analysis of the mechanical stress distributions which

result in component packages when subjected to hydrostatic prcssures.

The usual assumptions [Refs. 11, 12J rade in such an analysis are employed

here, namely that

1. the materials are perfectly elastic;

2. the materials are homogeneous and isotropic; and

3. superposition of stresses (or strains) is permissible.

These assumptions allow the use of relatively well developed models to

determine at what hydrostatic pressures the limiting value of elastic

stress is reached. This is the yield point stress. Beyond this stress.

permanent deformations occur and the assumptions listed above are no longer

valid.

In many, if not most, cases the yield point may be reached at some

point in one or more regions of a component housing without noticeable

permanent deformation occurring. Due to the fact that strain increases
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much more rapidly with stress beyond the yield point for these materials

which yield and do not fracture, the overstressed (i.e., beyond yield

point) portions of these regions will no longer contribute as much load

bearing capability as before the yield threshold was reached. When a

significant fraction of material in a given region has been overstressed,

permanent deformatien becomes noticeable. Therefore, the yield point

stress represents a significant threshold for permanent mechanical defor-

mation. The value of yield point stress, designated in this report as syP

is known for most metals and alloys used in component package construction.

For ceramic materials, there is a large disparity between tensile

strength (generally low) and compressive strength (generally high). In

ceramic packages where pressure acts on a surface to provide a flexing

action (membrane stress), the flexural strength of ceramic materials

is analogous to the yield point stress for metals. Flexural strength is

determined from the breaking strength of a beam type sample of the material,

calculated as if the tensile and compressive stresses increased linearly

from zero at the neutral axis to a maximum at the extreme outer fibers.

Using the methods of elasticity theory, briefly reviewed in Appendix 6.1,

the general problem faced in our analysis is to determine the stress distri-

bution s(x,y,z) in model structures which resemble the component packages

most generally used. These structures are composed of laminar slab

elements. Acting on these elements are the applied pressure, P, reaction

forces, R, and bending moments, M, as sketched in Figure 2.1 below.

The maximum stress developed at varloub points in the structure is

then set equal to the yield strength or flexural strength as appropriate

and the pressure, P, which produces this stress Is determined. This is
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Figure 2.1: Forces and moments applied to laminar slab

converted to an equivalent depth of water and is used to indicate the

depth threshold beyond which permanent deformation or fracture can be

expected,

2.2 Nechanical Effects of Pressure on Packages Used for Semiconductor

Devices

Comtemporary semiconductor devices are housed in a variety of packages.

Fortunately, the diversity in package types is not as great as the diversity

in device types. Figure 2.2 shows some of the package types used to house

discrete transistors. The TO cans are made of metal, with a relatively

thin shell cover or cap. Some typical cap thicknesses are given in

Table 2.1. Table 2.2 lists typical construction material for caps. The

headers (bottom cover) used may vary from relatively thin disks with a

thickness not much larger than that of the cap to a relatively massive,

thick plate in the case of high dissipation devices, such as power transis-

tors, pover zener diodes and gate controlled rectifiers. Some typical

header types are shown in Figure 2.3. It should be noted that at least

two different materials are used in the construction of each of these headers.

Some insulation, usually glass, is used to electrically insulate feedthrough
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S~Figure 2.2: Co~only uaed TO-cans
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Table 2.1: Typical dimensions for some TO cans

Diameter, in. ThicknessL iiý Height, in.
Type (2R) t 2 (side) I ti cop)! h

TO-18 0.185 .00775 .0095 .190

TO- 5 0.328 .0115 .0140 .240

TO-66 0.495 .018 .0195 .216

TO- 3 0.800 .019 .0205 .185

TO-36 0.980 .026 .0255 .071__ __ __I __ _ _ _ _ _

Table 2.2: Typical cap and lip materials and elastic parameters

=• Flexural[ Young's Modulus Poisson Ratio Yield Stress strength
Material E (psi) v sy (psi) sF (ps!)

Kovar 2 x 107 0.28 5 x 10
4  

--

Nickel " x 107 0.28 2 x 10 --

Aluminum I x 107 0.33 2 x 10 --

Sealing Glass 1 1.5 x 107 0.25 -
Alumina74

(Alsimng 771) 4.3 x 10 0.22 4 .4 x 1 04
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leads from the metal of the header. In the smaller transistor packages

where heat transfer is not a primary consideration, a large fraction of

the header material may be a glass, as shown by one of the examples in

Figure 2.3.

The TO cans are used for hermetically sealing transistors to prevent

the contamination by water vapor and ather materials which can interfere

with the operation or lead to failure of the tranaistor, and to provide a

known, stable ambient in which operating parameters of the transistor

can be specified within guaranteed limits. For those applications where

ambient conditions do not require such complete protection for the transistor,

the device may be covered with one or more polymeric plastic materials.

Typical materials are siliccne compounds or epoxies. The physical character-

istics of these materials and methods of their application have been

discussed by Licari [Ref. 13]. Some typical plastic transistor packages

are shown in Figure 2.4.

Aside from hermeticity, there is a significant difference between

the TO can type packagcs and the plastic type packages. The TO can

packages have a significant fraction of the enclosed volume as a void

occupied only by a gas. On the other hand, the plastic packages allow

intimate contact of the package material with the semiconductor element.

Thus, when a pressure is applied to a TO can, there is nothing in the

interior of the package to resist the pressure and the forces developed

on the surface of the can. If these forces are large enough, the can may

deform and eventually collapse. On the other hand, a pressure exerted

on the surface of an epoxy or a plastic package is transmitted through

the plastic directly to the chip. This pressure may be in addition to a

presnure which already exists within the plastic package due to such
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effects as the differences in thermal expansion coefficient between the

plastic and the sem!conductor device housed within the plastic and

shrinkage during curing operations. Early studies [Refs. 14, LV have

shown that very high mechanical strains may be obttined within a plastic

package due to the shrinkage of the plastic following its application at

high temperatures. Figure 2.5 shows a plot of stress versus temperature

for a plastic package (Ref. 14). Notr, that at roc- temperature, about 25"C,

3ightly under 4000 lbs/in 2 is developed by the epoxy package on the device

which is contained within it.

Integrated circuit packages come in many varieties also. Figure 2.6

shows some typical examples. Among these are the TO can types, '10-99 and

TO-100, which are very similar to the TO-5 packages used for discrete

transistors, the flat packs anO the dual in-line packages. The dual in-

line packages are made both with plastic materials and with ceramic

materials. As in the case of the discrete trznsistors, the plastic dual

in-line packages allow the material of the packages to come In intimate

contact with a semiconductor device chip. In the case of the TO can type

package, the flat pack package and the ceramic package, there is a void

inside the package which makes It susceptible to damage by sufficiently

high external pressures. For the plastic package, however, forces developed

on the outside of the package are transmitted directly through the plastic

to the semiconductor device chip.

As was the case with some discrete transistor packages, many different

materials are used with each other in various integrated circuit packages.

Some of these materials combinations have been discussed by Bower in a review

of packaging methods (Ref. 16]. The use of large scale integration in

circuits requiring much larger area in chipq has led to an increasing size
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of packages for these lC'.. :s'e thc use of hybrid circuit techniques

in which various chips of va, !its dl 1cren; :onctions are com~bined and

interconnected in one pa kae, hd. led to i.arger size packages. Figure 2.7

shows some typic.*l packares ,:i .. , ;sec ýor ISi and hybrid circuits.

These are characterized bh r !-, he,' ].rce art .. voids -.?idtM the package

and the use of lids ,hi'l, r-. rel.a:t. 1. thin , mrarcd to the dir-ensions

of the void. A diescri,.' ve ;urve'4\ ' , cort:nrorar% LSI nackages has

been given by Scrupski I 8 171.

A convenient startin. :,oint it- anallyzing the effects of pressure on

semiconductor packages ,41A.h untain voids I., to use a simple model for

the lids of these Packaczs a- to apply standarc' formulas (see Roark

[Ref. 121). Figure 2.8 depi" -; the structures -ýhich are to be us,*d. In

the case of a circular disk w ich is constrained at the edges (ri,,;id

side wallsl the maximum stre s that is develop. d is in the radial direction

at the maximium radial distan. . R. vith the upper surface in tensinn dad

the lower s,.rface in comnrcss on. This naximum stress is related to the

dimensions .md pressure as F:T' ows:

rax 0.750 '( r .

In the case of the rectan9uia- c.•n•xnstrained it the edges, the ,aximum

stress is d.veloped at the c iter o the long edges and is given o>:

s Max . P () i (2.2)

The factor , In Enuarlo (2 ') depends upon the length to width ratio of

the rectang nlac surface, i: d i table of the values of S as a function of
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this length to width ratio is given in Table 2.3. Using the simple formulas

and the relation between depth and pressure for water given by Equation (2.3)

below, one may obtain a rough idea of the maximum operating depth for

Table 2.3: Factor 6 as a function of rectangular

cap length to width ratio a/b [Ref. 9]

1.0 1.2 1.4 1.6 1.8 2.0

6 0.3078 0.3834 I0.4356 10.4680 0.4872 0.4974 0.0

various diameter to thickness ratios of disk type package tops, and

rectangular top package types. Assuming that the maximum allowable stress

is the yield point for the material being used for the tops, values are

calculated for typical dimensions and are sho-n in Table 2.4.

h - 2.25 P (2.3)

Although the simple analysis indicates the main factors in the

determination of pressure resistance of the top areas of flat packs and

of TO cans, it does not include all of the factors which influence the

strength of these merbers, and a more thorough theoretical analysis is

required to offer some insight into how the packages actually respond

under conditicns of external pressure, and also to offer an insight into

how packages may be modified to improve the package resistance. Such

an analysis for TO cans is givcsm in detail in Appendix 6.2. The results

of the analysis fot TO cans are given in Table 2.5.

35



Table ?.4: 'laximu' operatirg depths 'or circular top packages and

rectangular top paikages calculated !ron equations (2.1) and (2.2).

Material assumed as shown.

Circular Top Packages

Miaximum Depth
[Type j R t Material I (ft)

TO-18 .093 .0095 Kovnr 1560
-TO- 5 .164 .0140 K iovar 1090

TO-66 .250 .0195 Alumii-um 366

TO- 3 .400 .0205 Aluminun 158

10-36 .490 .0250 Aluminum 162

Rectangular Top Pickages

ST .Maxcimum Depth
Type t a/b M aterial (ft)

1 1 .005 1.0 Kovar 290

S .0105 10 Kv 0

Table 2.5: Comparison of maximum operating depths for some co=on

TO can types with flat tops and with hemispherical tops.

TO-Can Maxizum Operating Depth (ft)

Type Flat.T2P Nenispherical To.

TO-18 843 7700

TO- 5 550 6%00

T0-66 24. 2730

To- 3 92.4 1670

T0-36 Ila i870
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Two situations were odeled. In one, the top of the TO can was

assumed perfectly flat. In the other, the top of the can was assumed

to be a hemisphere with radius equal to that of the cylindrical wall.

The smooth transition provides far less stress amplification in the

package material. In actual cases the transitions from sides to top are

more or less rounded, giving a situation Intermediate between the two

extremes considered.

Deformation of the upper cap past the yield point of the material is

not desirable, but is not necessarily catastrophic in its effects on

device operation, since the cap is not in direct contact with the semi-

conductor device chip or the lead wires to the chip. It is the bottom

cover (header) which is critical in these respects. Defornaston of -he

header may develop stresses in the silicon chip that is bonded to its

surface, stresses which exceed the fracture strength of the silicon. This

is particularly true when the bonding layer between the chip and the header

is capable of transmitting the strain of the upper surface of the header

to the lower surface of the chip. Assuming that this situation occurs,

we now examine the conditions under which the fracture strength of the

silicon chip will be exceeded. To simplify the analysis, the chip will

be assumed to have a circular geometry although in practice it is either

square or rectangular.

Two extremes can be modeled, as shown in Figure 2.9. In case 1,

the circular disc header is supported around the edges by the cap, but

the edges are free to flex. In case 2, the circular disc header is effec-

tively clamped by the cap at the edges which does not allow any edge

motion. Using both of these models, an analysis is made in detail in

Appendix 6.3. Using a model of a coined type (solid metal disc) TO-5
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Kovar header, 60 mils thick, with a 10 mil thick silicon chip bonded to its

surface and the edges supported, but not clamped, the maximum allowable

stress will be developed in the silicon at a pressure of 5400 psi (about

12,000 foot depth). Using a model of a header with edges clamped and the

same material and d1mensions, the maximum allowable stress in the silicon

is reached at a pressure of 13,900 psi. This is misleading, however,

since the maximum allowable stress in the Kovar will have been reached

at about 8900 psi. The calculation does serve to emphasize the reduction

in defor-arý'n of the center afforded by clamping the edges. Also given

in Appendix 6.3 is an analysis of a composite header of Kovar and glass,

a combination widely uses in both the TO-18 and TO-5 can styles. This

analysis indicates that for a typical TO-5 header, the stress developed in

a 10 mil thick silicon chip by a pressure of 15,000 psi (33,700 foot depth)

will be only about one-half the maximum allowable stress.

Typical flat pack construction is shown in Figure 2.10. The relatively

thin lids used with these packages appear to be the most pressure sensitive

parts. These may be made of either metal or ceramic. In the latter case,

fracture is the most likely mode of failure. An analysis of typical flat

pack lids is given in Appendix 6.4. Table 2.6 below gives the result of

these calculations assuming Kovar (metal) lids.

Table 2.6: Maximum allowable operating pressures and depths

for some commonly used flat pack styles

Lid Lid Maximum
Type a b iThickness (in)i Material Pma(Psi) Depth (ft)

1/4" x 1/8" .217 .107 .005 Kovar 218 490

1/4" x 1/4" .180 .180 .0035 Kovar 63 142

.005 Kovar 129 290

1/4" x 3/8" .311 .200 .010 Kovar 268 604

3/8" x 3/8" .3U00.300 .010 Kovar 180 405
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Figure 2.10: Flat packs, 1/4 filch x 1/8 inch (Sealox)
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Another commonly used semiconductor device package is the dual-in-

line package (DIP). Some of these resemble the flat pack in the use of

a relatively thin metal lid, as shown in Figure 2.11. Another style of

DIP, the ceramic DIP is typically constructed as shown in Figure 2.12.

The material is usually fairly thick, on the order of 50 mils, above a

fairly small cavity, typically 100 to 150 mils in width. Using the

structure sketched in Figure 2.12, and assuming that the material is

94 percent A12 03 with a flexural strength of 44,000 psi, the maximum

allowable pressure is, for a two --o one length to width ratio, using formula

(2.2) and Table 2.4,

4.4 x 104 10.044%2

ma3x 0.497 0•.81 - 12,300 psi

or an equivalent depth af 27,500 feet. As in the case of the flat pack lids,

the maximum stress at this pressure is developed at, the edge of the cavity

at the center of the long dimension.

All of the foregoing calculations have been made on idealized models.

They provide an estimate of where the package type under consideration

will be subjected to stresses in some part of the structure which are

above the elastic limit, leading to yielding-in the case of metals-or

approaching fracture-in the case of ceramics.

2.3 Passive Component Packages

Passive components (resistors, capacitors, inductors, relayc, etc.)

come in a great variety of package types. As with transistor packages,

the presence of voids causes trouble at sufficiently high pressures. Resistors

and capacitors in molded plastic or vitreous encapsulants will generally be
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Ar Figure 2.11: Typical Dual-In-Line packages (DIP)
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made for -netal lids to cover chip cavities
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able to transmit jjtp:ce r c,.: ure dtc. it v t,, the interval materials that
make up the clerent. Similar renarP.ý rs potted. open fratme chokes or
transformers. Some dinrcre conprvent:" hlrver, tizch as electrolytic
capacitors are housed ir relativIvy thir -wel tpachh~s wich contain voids,
and are therefore vcr, ýi•l;,thiblc reo e,"vi-Inp Lnder pressure.

2.3.1 Analvsfi

Appendix -. S giqos ar haialtr ef the effects of pressure on the
cylindrical package c-,"menly u~Cd fil many ermporents. As with TO cans,
the regions of -axirlin qtress ,or a giý.r pressure are at the edges where
curvature abruptly chpnges. This suggests that reinforcement in these
regions or rounding vould give Inproved r c-,s:re resistance.

A typIcal cxample, calculated In rr-ndix 6.5, is for an electrolytic
capacitor housing, 1-71, inches long . :1, inches in dia=eter made of Al
will develop a stress e.-ual ýo the yield tress in aluminum at an equivalent

depth of 800 feet.

2.3.2 Experirent

Only a few limited experineretv on passive component packages were
perfoined, to verifv pyi,•,ous work by etlhr investigators fRef. 41 which has
provided some basis fcr asaessing the pro) lers In these packages. Although
extensive testing was dene by Anderton, r-ibsin and Ramey [Ref. 41, they did
not analyze or cortient cn the data. The cnly package types in their investi-
gation which correspond to the protortpe tackage analyses given ;n Section
2.3.1 were eylindrical 1-isitnrr for electrolytic and solid tantalum capa-
citors. These were usui-ly fo0:un to grossly deforr and often they had
ruptured end seals. Thl -,'nnfirrs th, , of section 2.3.1 which
indicates that the great .ri strcrs Ir tL,, arkage is developed at the
transition frev the thin feral cylindrica' rase to the thick end supports.
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2.3.3 Conclusions

Both cylinder and rectangular box type metal housings are very

vulnerable to deformation above several hundred psi. Wherever possible

these should be replaced by conformal encapsulants (void-free) or filled

with an inert liquid to allow pressure compensation.

2.4 Reinforcement or Redesign for Pressure Resistanze

In those cases where devices must be kept from contact with the pressure

transmission fluid and the existent housings are inadequate for the required

operating depth, either reinforcement or a redesigned package must be used.

2.4.1 Analysis

As shown previously in Section 2.2.1, for flat capped TO-type

cases, the largest stresses are developed at the periphery of the top where

the cylindrical side joins the flat top. Rounding of this shoulder reduces

the stress level. A minimum occurs when the cylinder makes a smooth transi-

tion to a hemispherical dome. Similar stress level reductions could be

expected for gradual transitions on rectangular cross section packages.

Another reinforcement method is to increase the thickness of the material

used for the cap. For the curved surfaces, the stress is inversely propor-

ticnal to the thickness. For flat surfaces, the stress in inversely pro-

porLional to the square of the thickness, assuming that in both cases the

added material has the sane elastic properties as the original material.

When the added material has different elastic properties, a more detailed

look must be taken at the relation of stress to applied pressure for a given

composite structure. An analysis for a composite disc has already been

performed in Appendix 6.3. The method can be adapted to gain some insight

into how thickening the top of a can with an additional material will

improve pressure resistance.
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The model uaed ,s a circular disc oi %,o differenz naterials with

paramaeters-

_dt.e.ra! I :lateria1 2

'c':ng's modulus -I

.'eigscn's ratio

"Thi-k;n:ss 1t

Clamoed at the edges and subjected to a :,russure ? on one side. The force

balance tonuition ,' 0 , equation (6.44) yields the position of the

neutral axis (zero strain) as equation %.45), repeated below

bher 2 -Ib)/2(At 2 + 11) (2.4)

S•w h e r e

A E E2( 1 )/lE I(1- 2)•

Notinr that the formula for maximum stres.; at the edge of a clamped disc,

given b- Roark [Ref. 10': pg. 217,

SS • ( ) P ( 2 . 5 )

is ir'tpendent of tater-al parameters E and ,, the bending moment at the

edge can be calculated fy assuning a linerr strain variation

e - az. (2.6)

Then, 'or the unifor= disc

'•12 (Fo 0-,:t . - (2.7)

46



The same bending moment occurs for the composite disc of the same total

thickness and radius. Therefore

R2P 0 Eez 21 0 Elaz2
Sd.- dz . (2.8)

-This equation is solved to obtain the slope value a

3R
2  3 3 -1

a .- - {2 [z03+ (t 2 - z )3I + El[(t + z3) - 3 I} P. (2.9)

2.4.2 Experiment

Experiments were conducted to find a material that would strengthen

the housings of semiconductor devices. Several waxes were tried but all

failed to add any strength to the housing. Armstrong A-12 epoxy was used

to coat two 211526 transistors. The devices were housed in TO-5 cans. Due to

the epoxy having a tendency to run off the side of the can, it was difficult

to obtain a uniform coat. The coated transistors were placed in the pressure

chamber where a test was conducted. One of the housings failed at 1900 psi

and the other one at 4000 psi. Both housings were ci t into halves to check

the uniformity of the epoxy coating. The header thickness was found to be

about the same as the sidewalls. Failure had occurred due to buckling of

this thin header in both cases. A mold was fabricated from a 2" x 6" x 0.5

piece of plexiglass. Three holes 7/16" deep and 3/8" deep were drilled into

the plexiglass and the mold was cut down the center of the three holes so that

the coated housings could be removed. These dimensions allowed molding of

a uniform one-sixteenth inch coating over all surfaces of the TO-5 cans

housing the devices when the cans were properly held (by the leads) in
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the mold cavity. The mold was placed in a vise and all three holes were

poured 3/4 full of epoxy and by use of a mechanical manipulator and a three

pin socket, three 2N!.26 transistors were placed in Armstrong A-12 epoxy

and allowed to dry overnight. The setup for the molding is as shown in

Figure 2.13. After drying at room temperature overnight and then baking

for one hour at 90°C, the transistors were placed in the pressure chamber

and pressurized in steps of 500 psi. Two of these transistors failed at

4500 psi, the third at 6000 psi. Previous tests had shown that the

unsupported housings failed at 1500 psi. Metal thickness was 12 to 14 mils,

sides, top and bottom. Therefore, the coating of 62 mils-a factor 4.5 to

5 increase in thickness--provided a factor of three to four increase in

pressure resistance. The calculated factor, based on the simple disc model

indicated a sixfold increase.

g

Figure 2.13: Mold and jig for potting transistors
for pressure reinforcement.

"48



L In a further test, six GE transistors (2N526) designated 213, 256,

383, 234, 238 and 349 were potted using the setup as shown in Figure 2,13.

The 213, 256 and 383 units were potted with Shell's EPON(R) ADHESIVE 956.

The mixture was 100 parts of A and 58 parts of B (by weight, 10 parts A and

5.8 parts B). The units were cured overnight at room temperature and then

baked at 90*C for one hour. CELANESE EPI-RES 510 and BPI-CURE 841 were

used for 234, 238 and 349. The mixture was 100 parts of 510 and 22 parts

of 841 (10 grams - 510, 2.2 grams - 84). These were cured in the same

meaner as the three previous transistors. The six transistors were mounted

on a circuit board and placed in the pressure chambers where pressure was

increased until failure. Figure 2.14 gives the results of the test.

The method of failure in all cases was a collapse of the metal can

on the top side. The epoxy on the top adhered strongly during the failure,

pulling a plug from top part of the epoxy shell, indicating a shear failure

of this msterial.

Epon

Coating

0 1 2 3 4 5 6 7 8 9 10

Pressure (thousand psi units)

Figure 2.14. Pressure range over which transistors in T0-5 cans potted
with epoxy resins functioned. Units failed in next 500 psi
Increment after curved line.
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2.4.3 Conclusions

The use of reinforcement for some transistor packages offers a

method of qualifying some devices for operation to moderate depths. The

increase in package strength depends upon the thickness and the mechanical

properties of the reinforcing material. The possibility of achieving

a four to five fold increase in strength has been demonstrated using

epoxy. Reinforcement by metallic materials could drastically improve

the operating depths.

It should be pointed out that the use of such reinforcement dras-

tically alters the heat transfer properties of the package. Only

those devices which are limited heat dissipators are likely to be alter-

able by reinforcement.

2.5 Composite Material Structures

The construction of semiconductor devices requires the use of

many different kinds of materials such as single crystal silicon, poly-

crystal metal elements and alloys, and amorphous glasses. Added to this

problem is one of "built-in" strains induced during fabrication operations.

In general, the strain of these materials, measured by their volume

deformation AV/V, under an applied hydrostatic pressure increment AP is

different. The compressibility, K, of a material is defined by

1 d-V (2.10)

and is related to the elastic modulus, E, and Poisson's ration, v, by

K - 3(1 - 2v)/E (2.11)
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To a good approximation in the range of pressures to 1000 atmospheres

(14,700 psi) relation (2.10) ca:. be re-written as

__ KAP . (2.12)S; V

Consider a structure composed of a "sandwich" of two different materials,

material I characterized by Ki, El, and v., and material 2 characterizad

by K2, E2, and v2 . Such a structure is sketched in Figure 2.15. -Let

the parameters a I and a2 represent the respective linear thermal expansion

coefficients for the two materials.

Element of AreaSdA • K1, EI .V1 .a ,

1 2

• • 11 E2' V2- *2

Figure 2.15. Comporite material structure.

Suppose that the two materials are subjected to atmospheric pressure,

but heated from temperature T0 to T1 . If the two materials were not

joined, an element of area dA ,ould change to

51



dAl - [1 + aI(T1 -T 0 )]
2 

dA = [I + 2ai1(TI-T0)] dA

dA - 1l + n2 (T1 -T0 ) 2 dA = [1 + 2a2(T 1-T 0)] dA

where terms in a2 have been neglected. The expansion ratio is

dAl' I + 2a1 (T1-T0 )
dAW , + 2a 2 (T1-TO) (2.13)

When the two materials are joined, however, and it is assumed that the

strains at the interface plane are equal, stresses are set up which tend

to deform the structure. A conspicuous example is the bimetallic strip.

When the thickness of one material is much greater than the other,

however, the expansion of the thicker material tends to dominate. An

example is the growth of an oxide layer (SiO2 ) on silicon at about 1100*C,

a common step in semiconductor manufacture. Typically the SiO2 layer

is on the order of 1 micrometer thick, whereas the Si may be 200 to 300

times as thick. When the layer is cooled back to room temperature, the

larger thermal expansion coefficient of the silicon results in a much

larger contraction for the Si than would be experienced by a "free"

SiO2 layer. However, the bonds at the interface transmit the larger

strain in the Si, resulting in a "built-in" co=pressive stress in the

SiO2 . Experimentally, a value of 45,000 psi has been measured in

SiO2 films grown at 1200C [Ref. 181.

Suppose that the structure is now subjected to a hydrostatic pressure

of 1000 atmospheres. The bulk compressibility of Si and SiO2 are

XSi _ 1.05 x 1O-
6
/atmosphere

KSiO2 - 2.75 x 107
6
/atmosphere.
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Analogous to the situation where the thick Si controlled the thin SiO2.

layer, to a good approximation the strain in x and y direction (c.f.,

Figure 2.15) are both equal to

I
e - KsjP (2.14)

From elasticity theory for the SiO2,

1 1-Ve- P+ - s (2.15)
3 YSiO 2 P, E

where a is the stress developed in the SiO2 in the x-y plane due to the

difference in compressibilities for the Si and SiO2 . Substituting the

values for SiO2 for K, v and E gives

S = 6950 psi (tensile).

Using the principle of stress superposition, and assuming a "built-in"

compressive stress of 45,000 psi in the x-y plane due to the thermal

expansion difference, gives a net stress in the SiO2 layer-of

sz - -14,700 psi

ax y -(45,000 + 14,700) + 6950

or S y -52,750 psi_• X y

A similar analysis can be applied to the situation where a relatively

thin silicon chip (about 10 mils) is bonded to a relatively thick substrate

or header (about 60 to 100 mils). For a nickel header, %K. = 4.85 x 10-7 /atim.

At an applied hydrostatic stress of 1000 atm the difference in compressi-

bility between the Si chip and the Ni base generates a tensile stress
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that reduces the x-y stress components in the Si to 680 atm, or 10,000 psi.

For a ceramic Al2 03 substrate, 4A120 - 4.04 x 10 l-7atm. An applied

hydrostatic stress of 1000 atm, the difference in compressibility between

the Si chip and the Al 203 base, generates a tensile stress that reduces

the x-y stress components in the Si to 635 atm, or 9330 psi.

In the case of metallic conductors embedded in glass over the surface

of the chip, the thickness dimensions are comparable, making the simpli-

fying assumptions used above inapplicable. Such a situation is shown

schematically in Figure 2.16. Since sharp corners may act as stress

concentrators, the region in the glass around the relativel, sharp corners

of the Al strip may be considered critical points. To get an idea of

what stress levels might be generated, consider the model sketched in

Figure 2.16. The region of glass around the conductor stripe is made

symmetrical in the model to facilitate calculation.

The effect of a hydrostatic stress on the model composite structure

can be calculated using a finite element model (Ref. 19]. Taking advan-

cage of the symmetry only one quadrant of the structure nedds to be

considered. This is sketched in Figure 2.17. This quadrant is sub-

divided into 95 square elements and 2 triangular elements using 119

nodes. The boundary conditions are that for nodes I through 7 the

displacement in the "I" direction is zero; for the nodes along the "'"

axis, displacement in the "2" direction is zero; and along the upper

and right side boundaries, a distributed force is applied which is

equivalent to 1000 atmospheres of pressure.

The problem was solved assuming a plane strain situation in the

direction normal to the plane of the paper. A computer program, ELAS 75,
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contained in the Program Library of the Triangle Universities Computation

Center (TUCC) facility, was used. The TUCC facility, located in the

Research Triangle Park, N.C. employs an IBM 360 Model 145 computer. The

ELAS 75 program, in H level Fortran IV language, has been adapted by

personnel in the Civil Engineering Department of Duke University from

a program developed at the Jet Propulsion Laboratory. The program allows

solution of one, two or three dimensional elasticity problems. Input

for the program consists of the identification of nodes and their

coordinates, identification of elements, specification of boundary

conditions and material elastic properties.

Using the model of Figure 2.17, several different situations were

examined. These are tabulated in Table 2.7 along with the stress at

nodes located in both the glass and the metal at or near the corner.

The inclusion of a situation where the interior material provided no

support ("sponge") was for the purpose of checking the reasonableness

of the answers. 3Xolybdenum was chosen because it is sometimes used

(with a gold overlay) in making connector patterns. Also, it represents

a harder material, having a modulus of elasticity 4.7 times that of

aluminum. The "sponge" material was a fictitious material with an

elastic modulus 10 orders of magnitude smaller than that of glass.

An examination of the data of Table 2.7 reveals that aluminum,

which has an elastic modulus just slightly larger than that of SiO2 ,

will develop slightly higher stress levels near the corner than those

Sin the glass. The maximum stress is about 28 percent higher than the

applied hydrostatic stress. Use of a harder material, molybdenum,

again results in higher stress levels in the metal than in the glass,

with a maximum of 2.13 times the applied hydrostatic stress. When the

57



interior material yields readily, the stress amplification in thp glass

is enormous, becoming in one place over 20 times as large as the applied

hydrostatic stress.

From the calculations, it can be concluded that the stresses devel-

oped in composite glass/metal connector structures used in multilayer

integrated circuits will not present any major problems. As with other

cases looked at so far, this assumes that there are no voids in the

structure and neglects temperature effects during fabrication. The

data of Table 2.7 show that a void beneath a glass layer can lead to

considerable stress amplification In the glass.

Another composite material structure of practical interest is that

of plastic encapsulated devices. The usual construction is to bond the

device silicon chip to a netal substrate, which is one of. the package

connection leads in discrete device construction, or is a tab on the lead

frame used with integrated circuit structures. These two cases are sketched

in Figure 2.18. Following the chip bond and lead wire bonding from chip

to lead frnu-e, the assembly is covered with plastic, rypically by a molding

operation [Pef. 13]. in this operation, pressures as high as 1000 psi

and tenperctures as high as 350*F nay be used [Ref. 13). With epoxy,

pressures as high as 3000 to 5000 psi may be experienced by the internals

of the package due to shrinkage with cooling (Ref. 14]. Silicone resins

probably e"ert less residual pressure due to their much lower thermal

expansion coefficients (Ref. 20). When a hydrostatic pressure is added

to the existing "built-in" stress due to molding, the question arises

as to whether or not catastrophic or long term failure mechanisms can

be initiated, and if so, at what level of applied pressure.
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Table 2.7. Stresses developed in a composite structure
under a hydrostatic stress of 1000 atmospheres.

(For node locations, refer to Figure 2.17)

M{aterial Material Nod S] (at=) S~ (atm)
1 2 Number (compressive) r

+ i
Glass 80 865 1045

(Sio2 ) 87 963 939

Aluminum 86 1083 830

80 1200 1083

87 1277 1240

86 1130 1160

Glass 80 534 1100

(SO02 ) 87 1000 922

Molybdenum 86 1220 500

80 1780 1230

8/ 2130 1860

86 1384 1393

Glass 80 8200 . 1915

(S'0 2 ) 87 9870 j 15700

"Sponge" 86 1635 20300
80 - 0 -0

"86 13 2030
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I Collector lead and substrate

Plastic encapsulant

Leads

Figure 2.18A Typical Discrete Device Plastic Package

Inner Silicon Seal
Provides Double
Moisture Barrier
and Improves
Thermal Shock

Thermo- Oxide Resistance
CgoncenPression Passivated~ru~ /o/ -

drc~uit Solid Mle
Sihicone Package

Positive Key to
Pin #1 Location

Pine of Gold-Plated
Tia-Dipped Rovar

Positive Indexing Notch-'
for Automatic Insertion

Pin Shoulder Provides
Automatic Stand-off

P•n Tapered for
Self-guiding Insertion

Fig-ire 2.18B Trpical Integrated Circuit Plastic Package [Ref. 131
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Although there is a large amount of information on many of the physical

properties of various plastics [Ref. 201, data on bulk modulus is not

included. It may be estimated from the theoretical relation between the

elastic modulus, E, Poisson's ration, v, and bulk modulus, B [Ref. 11]

B - I/K = E13(1 - 2v). (2.16)

However, data on v is also lacking, and values of elastic modulus depend

upon the type of plastic, type of filler used and the degree of filling.

In addition, for some of the materials used the elastic modulus values

are not available.

Even the compressive strength, which is available for most encapsu-

lating plastics, is of doubtful value as a measure of the deformation under

pressure. This is because the method of measurement applies a uniaxial

stress rather than a hydrostatic stress.

The lack of data reduces any analysis to a qualitative rather than a

quantitative basis. If the plastic material compresses more appreciably

than the silicon chip and the metal lead frame material, shear stresses

=ay be set up at the interfaces betveen different materials. If the

plastic tends to adhere strongly to lead wires or the chip metallization,

the shrinkage under pressure ray be sufficient to pull off lead wires or

"metallization.
Another type of failure. which has been found to be fairly couon

[Ref. 6), especially in large area chips such as those used in pover

transistors and silicon-controlled rectifiers, is the cracking of the

chip due to voids in the chip-to-substrate bond, A critical void size

can be estimated by assuming that the void is circular, of diameter 2a,
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and that the silicon chip, of thickness t, is constrained by bonding at

the edges of the void so that effectively these edges are clamped.

Formula (2.1) can then be applied and manipulated to the form

a -t (2.17)

Let a denote the critical void radius for a given chip thickness, t,

subjected to a maximum pressure of

pmax . 14,700 psi - 1000 atm.

Since the maximum allowable stress in P'licon is

smar - 3 x 109 dyne/cm
2 

- 2.96 x 103 arm,

the critica] radius is related to the chip thickness by

a - 1.99t

A chip thickness of 10 mils requires a 40 nil diameter void beneath it

to develop the maximum allow-able stress at 1000 atmospheres. This is

larger than most small signal transistors, but power transistors may be

as large as 150 to 250 mils square, and it is possible that large voids

may be developed under such a large chip due to poor quality control

of the bonding step of the process.

In addition, the scribe-and-break process used to separate chips

processed sinultaneously on a silicon wafer can produce mechanical damage

along the periphery. Cracks are co=aon and accepted in the MIL-STD-883,

Method 2010, Internal Visual (Precap) lnspection, specification if they
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meet certain criteria. Figure 2.19 is a reproduction of Figure 2010-5

from Method 2010. Note that if a crack does not point toward an active

area, it can be longer than 1 mil. Since a crack can act as a stress

concentrator, it is possible that an "acceptable" crack in conjunction

with a void can propagate further into the chip under pressure. Further,

it is possible for cracks to occur in a chip within active areas and not

be detectable by conventional microscopic techniques, or the usual

screening procedures of MIL-STD-883. Ordinarily, these hidden flaws

would not be harmful. Under applied pressure, however, there may be a

conjunction of one or more of these flaws and a boad void which can lead

to crack propagation and failure of the device. Therefore, specifying

a minimum void size--assuaing that such specification can be carried

out by an inspection method-may not necessarily assure that no crack

propagation wll occur. This point needs further study.

isolation Region

Accept-does not
Foint Teward

Active Circuit or Metallization
Metallization - /

ACTIVE
CIRCUIT

>1 AREA
Reject-Peints mil
toward
metallization 1-

Reject-Points < mi >1 nil Reject-Crack Intersects
Toward Active L ,. Active Area
Circuit " \.Accc.t-Crsck Does Not Point Toward

e Accept-Crack Active Circuit Area or Toward
Does Not Bonding Area
Exceed 1 e1l
In Length

Figure 2.19. Criteria of acceptance or rejection due to
peripheral cracks in a device chip

[Hethod 2010, NIL-STD-883, I May 19681
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2.6 St-ary

Some simplified approaches have been presented for the analysis of

the effects of pressure on various types of component housings used for

transistors, integrated circuits and passive components. These analyses

enable some rough prediction of the maximum usable depth for these packages.

In addition, they provide a basis for extending the analysis to types of

packages which have not been explicitly treated. In addition, possible

methods have been discussed for package modification and reinforcement

to Improve pressure resistance.

A mathematical analysis for several composite material structures

indicates that no serious problems are expected in discrete or Integrated

circuit structures operated up to 1000 atmospheres due to differences

in material compressibility parameters.

"In the discussion of plastic packages which can transmit pressure

directly to the chip, it is pointed out that the existence of voids

in the chip-to-substrate bond =ay lead to cracking of the chip if

a certain size void is exceeded at a given pressure. More-importantly,

it is pointed out that cracks presently allowed in chip Inspection methods

may be propagated under pressure. A similar conclusion is reached for

flaws which may escape the usual precap visual inspection. Such problems

will obtain also for chips in direct contact with the pressure transmitting

fluid,
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3.0 INFLUENCE OF FLUID/PRESSURE ENVIRONMENT ON EXPOSED DEVICE ELEMENTS

3.1 Introduction

In most cases it is not desirable to modify a component package

sufficiently to achieve the desired pressure resistance. This may be due

to economic factors or to operational factors such as heat transfer limi-

tation. An alternative is to open the package to allow free-flooding by

a pressure transmitting dielectric fluid. This introduces two environ-

mental problems which must be considered. First, there is the effect of

pressure on the operation of the device. In order to predict what might

occur, an understanding of the effects of stress and deformation on the

component materials must be developed. Second, there is the effect of

ionic contamination on the operation of the device. The possibility

of such contamination cannot be overlooked. The seriousness of the

problem of ionic contaminatio,i of semiconductor devices is well docu-

mented. It has led to many improvements in methods of passivation in

recent years. In order to predict what levels of ionic contamination

will hamper device operation, an understanding of the effects of such

contamination must be developed. This chapter deals with these two problem

areas for devices exposed to a fluid/pressure environment.

The effects of pressure on semiconductor devices can be analyzed

by considering the effects of pressure on bulk material of one conduc-

tivity type (either p or n) and the effects of pressure on p-n junctions,

since these are the basic building blocks of present day semiconductor

devices from diodes to integrated circuits. Fortunately, a great deal

of prior work has been done on bulk and p-n junction effects which estab-

lishes a basis for understanding how pressure can affect these devices.

Another circuit fabrication element, the =etal-insulator-sericcnductor
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(HIS) or semiconductor-insulator-semiconductor (S .S) structure hat: not

been studied, so predictions in this erea cannot be made at present.

3.1.1 Analysis of Pressure Effects on Semiconductor Devices

Assume the existence of a stress system, specified in terms of normal

stresses S' S2 and S3 and shear stresses S4' S5 and S6 with reference to

the cubic cell axes for the diamond type semiconductors silicon and

germanium. The notation used is discussed in Appendix 6.1. The effects

of these stresses on the resistivity of the semiconductor material can be

specified by the piezoresistance coefficients a 1 1 . '12 and ;14 [Ref. 21,

pp. 38-46]. The usual Ohm's law relation between electric field strength

T and current density ., expressed in component form as

F 1 - poJ 1

F2 - P032 (3.1)

-• P3 - OOJ3

where p0 is the zero stress resistivity of the crystal, is modified to

1/0 - J1l' + ull$l + w1 2 (S 2 + S3 )]

+ J' S JV
+ 44 6 3 44+ 5

F2 /P 0  - Ji744S6 + J2 fl + '11S2 + l•2(Sl + S3)] (3.2)

+ J3344$4

F 3/•0 - j 1 '4 4S5 + j2 44S4

+ j3[2 + z 11 S3 + 712(S1 + S2).
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In the case of uniform hydrostatic stress S - S2  S3  P and S4  S5  S6  0.

The equations (3.2) reduce to

SF1/00 .= JI(I + npP)

F 2/0 0- J 2 (Q + apP) (3.3)

F3 /p0  - 33(1 + upP)

where

np " +11 12 (3,4)

is the "pressure coefficient." Under hydrostatic pressure a P gives theP

fractional increase in resistivity of the material.

Values of =11,' •2' 1 44 and 7p depend upon conductivity type. Table 3.1

gives values determined experimentally by Smith [Ref. 22]. The effect of

doping level on the value of the coefficients is shown in Figure 3.1 which

gives a plot of the a coefficients versus resistivity for boron doped• pq

(p-type) silicon, taken from rRef. 23]. The values are in units of 10-12

c 2 /dyne, which is equivalent to 6.9 x 16-8(psi)-I.

Tufte and Stelzer [Ref. 24] have measured the piezoresistive properties

of diffused layers in silicon at surface concentrations ranging from moderately

doped material to very heavi3y doped material (1018 per cm3 to 1021 per cm3

impurity concentration at the suriace). They found that in p-type silicon

the pressure coefficient ip was positive and was approximately 6.9 x 10-8(psi)-I

to 13.8 x 10 8(psi)-' over the range of surface concentrations investigated.

Similarly the value of ap for n type Si was around 13.8 x 10"8(psi)-I over

the range investigated. This behavior is consistent with the data of
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Table 3.1. Value of 300*K Piezoresiative Coefficients

(Units 10-8 p.r psi) for Germanium and Silicon Samples

of Various Resistivities. jRef. 22]

Type, Material,Resistivity (ohm-cm) 11 i12 1 44

n Ge 5,7 -18.1 -26.9 -944 -607

n Ge 9ý9 -32.4 -34.5 -950 - 89.7

n Ge 16.6 -35.9 -37.9 -956 -123.5

p Ge 1.1 -25.5 +22.1 +667 + 35.9

p Ge 15.0 +34.5 +680 + 13.1

n Si 11.7 -706 +369 -93.7 + 39.LI
p Si 7.8 445.5 -7.6 +953 + 41.L

Figure 3.1 which shows that as resistivity decreases (higher doping le*'

the magnitudes of r and 112 both decrease. Since they are of orpositc

signs, the sum (n 1l + 2v 12 ) decreases only slowly with decreasing rasisz"

In view of this data ard equations (3.3) the following conclusions

can be made. For silicon under hydrostatic pressure at 15,000 psi, the

fractional change in resistivity will range from about

1.5 x 104 x 13.8 x 10-8 - 0.2%
p0

for heavily doed silicon to about

- - 1.5 0x 10 4 40x10-8 
- 0.6%

S60
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Figure 3.1. Variation of the pi(toresistance coefficiencs
as a function of resistivity for boron doped
p-type Si at 80'F (Ref. 23].

for lightly doped silicon. For lightly doped gers-anium the resi~tivity

will decrease by I to 2% at 15,000 psi.

When case disturtion or the presence of voids treates a stress situation

in the jemicondutce device which introduces non-hydrostatic stress, partiCu-

la:ly shea" jtr!ss, ard at the sane tiae amplifies the stress level,

considerably !Lrger changes can be exrectea in resistivity, as can be seen

by copating ..ae shear stress coefficients -44 with the hydrostatic pressure

enefficient in Table 3.1. As long as stress can be kept hydrostatic,

69



however, resistivity changes will re--ain negligible up to 13,000 psi

(greater than 30,000 foot depth).

The effect of stress on p-n junction characteristics has been exanined

experimentally and theoretically by Wortman and his co-workers .Aefs. Z3.

26, 27]. Tle junction current is given by the usual Shockley relaticn

I - IS [exp(qV/kT) - 13. (3.5)

However, the usual saturation current express~on is nodified to the form

iS pO Y(Cn) + Ino Y(Cp) (3.6)

where 
1
nO and Ip0 are to zero stress Eaturatien current conponent.. Th-

factor 1•,) depends upon the type of stress (uniaxial or hydrostatic) and

the materiel. For germanium, hydrostatic presrure increases the energy

band gap bet.'een the [1111 conduction band minima and the valen," banrd.

leading to a decrease in the minority carrier density with incrnqring

pressure. Silicon, however, has a different conduction band syr-'etrv and

hydrostatic pressure decreases the energy band gap, leading to ;r 1rcrease

in minority carrier density with increasing pressure. The -"'uer f.r

YW) for germaninju and silicon are shown in Figures 3.2 and 3.3 iespectively.

For ptrposes of illustration of the use ol equation (3.b) .d tý& data

in '•igures 3.2 and 3.3 we assume that a p-n Junction is fabricr:ion in a

(111) orientea wafer. For a given stress le~el, the largest effcct occurs

for a unm.fcrm stress covering the total area of the Junction. rcr a

umiaxial ill)] sLrer- of 15,000 psi applied to a germanium p-n :lnct.Or wili

result in Pbout 202 increase in the saturation current value. It contrast,

a hydrostatic pressure of the sane level will give a negligible change in
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saturation current. For silicon [1M. 5sress will give about 25% Increase

in saturation current, with a negligible change for hydrostatic stress.

To sutarize, both piezoresistance and p-n junction effects of planar

silicon and germanium device structures under hydrostatic pressure are

negligible to at least 15,000 psi. it must be emphasized that these

effects are negligible for hydrostatic stresses. For uniaxial stresses,

much larger changes in device parameters will occur. These could In many

cases liad to device failure in the sense that the device no longer

functions in the manner envisioned by the designer. Such a failure

mechanism is In =any ways more deleterious than outright catastrophic

failure because it may lead to operational malfunctions that are difficult

to pin down.

3.1.2 Experi=ental

The theoretical analysis presented in Section 3.1.1 indicated

that hydrostatic pressure to 1,000 atmospheres (15,000 psi) should have

no effect on the operational characteristics of planar passivated silicon

devices or germanium devices. Pressure insensitivity was confirmed

experimentally by opening TO cans to expose device chips directly to 10 cs

DC200* silicone oil pressured up to 15,000 psi. Both discrete (single

S.transistor) and integrated circuit devices were tested.

Germanium alloy devices, not protected by a passivatlng oxide or

nitride layer as were the silicon devices, were found to be susceptible

to moisture in the ambient air and to change characteristics when izmersed

in DC200. Pressure had no effect on eost germaniu devices tested, but

there was a visible crack in the Ge chip of one Ge alloy power transistor

structure. Another was sensitive to nechanical probing, indicating a

"A Dow Corning product
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similar problem. This was due most likely to differences in compressi-

bility of the materials used in these structures. FIgur. 3.4 shows a

sketch of a typical germanium alloy structure and indicates the different

materials used in the structure.

Silicon planar passivated devices were not affected by exposure to

laboratory atmosphere. In addition to devices in de-capped TO-cans some IC

devices housed in plastic and ceramic DIP Dackages were pressure tested.

Several devices were tested at the same time by mounting them on a stepping

switch in the chamber, as shown in Figure 3.5. The devices tested were:

I. Germanium alloy PNP power transistors, types 2N1412

and 2N1553;

2. Germanium alloy PNP Fmall signal transistors, type 2.526;

3. Silicon planar power transistors, types 2N374O0 and 2N4232;

4. Silicon planar bipolar small signal transistors, types

2N2907A (PNP, switch and amplifier) and 2N2222A (NPN,

switch and amplifier);

5. Silicon planar MOSFET's. types 2N3976 (N-channel, audio

frequency ampl~fier) and M163 (P-channel, small signal

a=m);

6. IC operational amplifiers. type 741 with Internal frequency

compensation, and type 777 with external compensation (both

in TO cans and ceramic DI; packoso);

7. KC digital cirujits, type £':.7474 (TrL) dual J-K flip-flops

in plastýc DIP.

The reaeýon for choosing thrse tvpen to test -re as follows:

1. Germanium a2loy power tran4ihtors 2NI412 and 2N1553 are high

power devices. I1O watt and 100 watt dissipation at 251C case

i . 7-



EMITTER CONTACT
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Figure 3.4 Typical construction of germanium alloy power transistor.

Figure 3.5 Method of wounting devices on stepping
-vttch for pressure test.
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temPerature, respe.tiv. twica! of output transistors

used In power amplifier '•si.

2. Vermanium alloy transistors 2.'526 are medium -c:er amplifier

and hid frequency svitcl devices which hav, been standardly

used lo many designs. These are available as a NIL-SPEC JAY

type, although the unlu ttqtcd were not .;AN type. These art

representative of low power Ge allov deviceq.

3. Silicon planar power transistors 2N3740 (P':) and 2N4232 (lU'N)

are medium power devices. 25 watts and 33 watts at 25"C case

temperature, respectivel,. representative of passivated planar

silicon power transis:or- -ised in nower amplifier design.

4. Silicon olanar bipolar tranqistors tynes 2N2907A (PNP, switch

and swit signal amplifier) were chosen as representative of

passivat~d, planar, bipolar silicon transistors esed in discrete

componen- circuit design of switching or small signal amplifie-s.

5. Type 2N3976, N channel smvil signal amplifter, was chosen

as repr,;entative of silicon dioxide passivated, planar

W1S fiell effect transistors.

6. Type 741 is a high perfornince operaticnal a-plifier with

internal frequency compenoition which is wid.ilv used in

circuit lesign, both for atalog operations aid general

feedback applications such as signal amplifi.oation and

active ý.Iterq. Type 777 ejuires external rrequency

conpensvt ion but is repre-,ntative of "seconi generation"

monolith n operationai am;t"fierq due to itA low of:set

and bia4 currents and vl:t,zes -nd low noise Design



features such as latch-up protection and short-circuit

protection make the device widely useful.

7. Type 5N7473H is a dual 3-K flip flop TTL (transistor-

transistor-logic) device. It has been routinely used in

circuit design for logic and digital signal processing

for several years. The circuit configuration makes it

typical of a large number of TmI devices which have been

widely used.

For the bipolar devices, categories I through 4 above, the collector

characteristics were observed prior to breaking the hermetic seal, In

laboratory air after opening and during immersed operttion in the pressure

chamber. For the MDSFET's the drain characteristics or the transfer

characteristics (I D vs V(;) were monitored prior to bresking the hernetic

seal, in laborotory air after opening and during immersed operation in the

pressure chamber. The offset voltage of the operational amplifier.

determined by connecting the devi1ce in a unity gain (100% negative feedback

mode) was monitored for the three different conditions.- It-was noted that

the offaet voltage of the type 74L devices changed with a chanýging

ambient light l'vel. This was no problem In the totally enclosed

pressure chamber. This affect wai not noted with the type 777 devicel

but is c on to many device tests~ and must be guarded against. In

addition to offret voltage the pulse response and the noise voltage in

a unity gain moce were monitored over the range atmospheric to 15,000 psi

pressure for the ty-pe 777 devices. These had a 33 pf cersmic feedbacl:

capacitor for fraquency compensation, Siving a ncninal bandwidth of 1 Mffz

for tha unity gain mocde of operation. An 11? Model 400H1 m-s VTVM was used

to monaitor tbe nofie voltage and ban a nominal bardwidth of 10 He to AN~z.
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A schematic diagram for the circuits used for op-amp testing 15 zh i--n

Figure 3.6. Figure 3.7 shows a typical pulse response whist was ne seme

at atmospheric pressure up to 15,000 psi.

The type SN7473N plastic DIP J-K flip-flop was chosen as a represen-

tative TIL structure of widespread utility. Although not available In a

TO-can for decapping, the plastic packaging offered a chane to pressure

the chip. The test devices, dual J-K flip-flops, were connected as simple

scale-of-four dividers counting down clock pulses, as shown in the s:hematic

of Figure 3.8. Minimum voltage of the clock pulse and of the J-K inputs

were checked at atmospheric pressure and monitored up to 15,000 psi.

Typical input-output waveforms are shown in Figure 3.9.

Table 3.2 presents the results of these pressure tests. The geimaniun

devices were found to be very sensitive to a.bient conditions. The silicon

devices were found to be insensitive (except to temperature of the nabient,

of course) at least on a short-term basis, Only in one case, the TML

digital IC's, was a correlation between pressure and behavior found, which

was slight (less than 1% change in enablf voltage at the J-K input terp.!als

over the range of 14.7 psi to 1!,000 psi).

The result3 of these tests indicate that pressure effects per sa cn

both Ge and Si levices are negligible. However, because of rh•i 1•t: of

passivation tha germanium devices are very susceptible to stie-.t ýcaIitjczs

at their surface. In addition, tie evidence of mechanical damage to two

of the Ge allo, pawer devices teiced at high pressures indicates a cl-ser

look at the st-3ctural design of these devices-bu: only if extensi-.' use

of these devices appears possible in future Navy operating systems.
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Figure 3.7: Pulse response of type 777 IC op
amp at 15,000 PSI in unity gain mode.
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Figure 3.9: Input clock pulse wave for= (lower)
and ou:put wave forms from SN743N TT

dual J-K flip flop at 15,000 PSI.
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3.1.3 Conclusions

The experimental results presented In Section 3.1.2 confirm the

theoretical analysis of Section 3.1.1. Pressure to 15,000 psi, per se,

does not hcrm planar silicon or germanium devices. Damage aay occur on

-,ji-planar structures due to material compressibility mis-matches. Direct

irmersion of germanium devices in a pressure transmitting fluid generally

results in a change in operating characteristic dt -o factors discussed

below in Section 3.3. However, this is a contamination effect, not a

pressure effect.
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3.2 Passive Components in a Fluld/Pressure Environment

3.2.1 Effects of Pressure

The application of pressure to electrical circuit passive components

can be expected to influence the behavior in two ways: through changes in

dimension due to nechanical strain and through changes In material proper-

ties. An illustration is afforded by considering the models sketched below.

ProLuLype Resistor

Prototype Capacitor

N turns
Prototype Inductor

L .- L

Figure 3.20: Prototype nodels for passive components
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The changes in parameter values due to a pressure change 6P can be written

as

5 t d ,/A p (3.7)
A dl' dl'

AC-A dc ~d(A/0) (3.8,= (•)--P + dl •P(3.8)

.N. A du .. .2 d (A/;)
a•t L = Ap + V N. (3.9)

In each case, the first term represents a change due to a change in material

electromagnetic properties with pressure and the second term represents a

change due to a change in dimension with pressure.

The change in dimension can be expanded as

d IdA A dZ A rdA/dP d./dPl"7p ( d", -) up d- •".. (3.101
~(At) d? j2d? i A L

The change in area with pressure can be expressed for a circular cross sec-

tion as

IdA _-- d(r
2
) = 2rrdr 2 dr/dP (3.11)

AdP 2 dP 2dp rhr •

The fractional changes in linear dimensions, (dr/dP)/r and (dfjdI)1, are

related to material bulk compressibility, K., by

ldr_
LrLd - - - v13 (3.12)

Therefore.

d (A E) v (A/ E). (3.13)
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Similarly,

d( A) rdI/dP ]Ad~ . - AK
(A) . IA). (3.14)

These results show that the dimensional changes due to pressure tend to

decrease capacitance and inductance and increase resistance by an amount

proportional to the compressibility of the core material. An important

exception is the case where foil electrodes may not be completely tightly

wound. In this case, the effect of pressure Is to narrow the spacing and

thus increase the capacitance.

To obtain an idea of the order of magnitude of these effects, some

typical numerical values can be considered. For steel, Kv/3 is approxi-

nately 1.5 x 10
8

(psi)-. At 15000 psi the change in inductance of a steel

core, due to dimensional changes only, would be about

aL -8-4
ef(•) - 1.5 x 10 15000 - 2.25 x 10

dimensional

or about 0.22. For a resistor with a core material of graphite with a

resinous binder, a typical compressibility could be approximated by taking

that for a plastic material such as nylon, for which Kv/3 is approximately
S10--6 pi-1.

1.2 x 107 (psi) . Using this, at 15000 psi

AR 6 X -2-)l 1.2 x 10- x1.5 x 10 1.8 x 10
dimensional

or about 2%. A similar order of magnitude would be expected for capacitors

using a polymeric material such as mylar as a dielectric spacer. In electro-

lytic capacitors which rely on a thin oxide film as th* dielectric, the
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relatively small compressibility of the film would be expected to contribute

a negligible change In capacitance.

Changes in the electromagnetic paraveters p, c, and u will occur with

pressure. A relatively large change in P occurs in carbon cotposition

resisturs. The core material consists of a suspension of carbon particles

in a resinous binder. Increasing pressure increases the effeccive contact

area of the carbon granules, decreasing the bulk resitivIlty of th :or-

VM-, effect predominates over the Increase in resistance due to di=emzionrz

change• to give an appreciable net decrease of resistance with increasing

prest-ire, observed by many exper!menters. For film type resistors, the

order of magnitude change of o wi.h ? can be estemazed by considering some

of the data of Bridgman, sber i Figure 3.11 beiow.

a a

C
S10,00020,1000

Pressi,, pu

90

S0.99

> Al

010,000 20,000

Pressaure, psi

Figure 3.11: Effect of pressure or rosistivity of
several metallic elemetnts
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Changes in c with pressure have been studied for a limited number of

solids. Mayberg [Ref. 28] has studied the change in dielectric constant

with pressure for alkalai halides and MaO, all materials with cubic symmetry.

Some of his data is given below in Table 3.3.

Table 3.2.- Change of Dielectric Constant, cr, with

Pressure P for Alkalai Halides and XnO. [Ref. 28].

a 1u Cr

Material Temp. (*C) Average, - W (ati-')

Moo 30 0.32 x -5

LiF 28 - 29 0.45 10-5

!aCi 25 -30 0,99x 10-5

KC1 28 - 29 2.06 x10

Or 26 1.19 x 10-5

At 1000 atmospheres (roughly 15000 psi) the change in er is on the order of

1I or less for these materials. Published aata is sparse, or non-existant,

for the effect of pressure on cr for polymeric materials. So-e insight is

offered by considering the data obtained fcY liquids and making am extrapo-

lation from this.

For non-polar liquids, the dielectric constant Increases slowly with

pressure. For n-pentane an increase in pressure from 1 atmospheze to

1000 atmospheres would give about 5% increase inmdielectric constant. For

polar liquids also the dielectric constant increasee with pressure at low

frequencies, although for high frequencies (several hundred Rfz) and for

high pressure (several thousand atmospheres), the dielectric constant can
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eventually start to decrease with increasing pressure [Pef. 29]. It has

also been reportid that the vitreous form of phenolphthalein and pheno-

formaldehyde rssia exhibit a decrease in dielectric constant with increasing

pressurg [Ref. 29].

Ir. revieving this behavior, it •ppearG that capacitors which use a

not-too-viscous liquid 3ielectric, sjch as the lmpregnated pope: capacitors

shown in Figure 3.12, will increase their tapacitance up to a few percent

at 1000 atýospherzes. On the other hand. polymeric dielectrics of high

molecular comple-city Can be expected to exhibit a slight decrease in

capacitance to dielectric changes.

The permeability, u, of a magnetic •aterial depends upon the magneti-

zation H induced by an applied magnetic field, IH. The maximum value of H,

the saturation magnetization, H , and the curie temperature, Tc, i.e., the

temperature at which Ma drops to zero, has been found to generally decrease

in Fe-Ni alloys, although the magnitude of the decrease is dependent upon

the composition, as shown in Figure 3.13, taken from [Ref. 30]. It is well

known that application of a magnetizing force to a ferromagnetic material

ca- result in a mechanical strain 1/1. The magnitude and sign (+ or -)

of this magnetostrictive effect depend upon the relative orientation of the

magnetization with the strain. This strain is equivalent to an external

stress applied to the material. A reciprocal relation also applies:

mechanical stress can influence the magnetization. Thermodynamic

reasoning leads to a relation (Ref. 31]

3M -1 31(3.15)
( 2
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Figure 3.12: Typical internal conatructior, for
paper and alun=inta foil electrolytic capacizors
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Figure 3.13B: Rate of change of Curie temperature T with pressurec

as a function of composition in Mi-Fe alloys (Ref. 30J
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between the change in magnetization with stress, at constant fieli H, and

the change in strain with applied field at constant stress [Ref. 311. Ap-

plication of a uniaxial stress can have a marked effect on the induced

magnetization for a given H field, as shown in two examples in Figure 3.14

[Ref. 31). These effects are attributable presumably to the existence of

a favorable magnetic orientation axis (due to minimization .f the free

energy). Orientation of this axis with respect to the stress direction

determines the direction of shift of the magnetization versus field curve.

In one case shown, Permalloy with 68% Ni, application of a tensile force

shifts the YH vs. H curve so that a given value of MH is achieved with a

smaller field strength H. In the case of Ni, a tensile force increasas

the value of H required to achieve a given NH. In both cases there is a

noticeable shift in saturation magnetization.

Application of hydrostatic pressure to a polycrystalline ferromagnetic

material would not introduce a unique stress axis. Hence, the marked shift

of H. vs. H which occurs for uniaxial stress would not be expected to occur.

The relatively small shift in saturation magnetization with pressure of

Fe-Ni alloys, shown in Figure 3.13, supports this reasoning. The largest

value is -1 - 2% at 1000 atmospheres. Based upon this, it is expected that

the change in perner-Iifty of laminated steel cores used in choIes and

transformers will 7emain negligible up to 15000 psi. Powdered cores, on

the other hard, may increase effective permeability significantly due to

do~ser ps~king under pressure.

Another passive circuit 4lement frequently used in electronic circuits

is the coaxial cable, modeled in Figure 3.151. For this circuit ele~tnt,

the inductance per uni! :enSth and capacitance per unit length are given by
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A. Effect of tension on hysteresis loop of nickel.
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B. Typical hysterecls loop of Permalloy with 68Z sI
with and without applied reision.

Figure 3.14: Effect of unlaxial stress on two differant
ferromagnetic materbils fRef. 26)
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dielectric, permittivity e

outer radius

inner raditm r,

unit length

Figure 3.15: Coaxial cable model.

L 7 2 x 10' In(ro/rl) hy/m (3.16)

55.6 er
C - pf/m (3.17)

The effect of hydrostatic pressure would be to compress the dielectric

material, typically polyethylene or teflon, to a much larger extent than

the retallic inner conductor, so that to a good approximation ri would

remain constant. The resulting changes in inductance and capacitance would

be

AL 1 d (ro/rI)
T In(ro/ri) dP P (3.18)

- [. dPr _ 1nr i d (rri P. (3.19)
C icr dP ln(r./ri) dP J
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Since dr./dP < 0, the inductance per unit length would decrease with pres-

sure. The capacitance could either decrease, increase, or remain relatively

constant, depending on the relative sizes of the two terms in square brackets.

Propagation delay and characteristic Impedance, defined by

T - 4;Ct SeC/n (3.20)

Z - "•= In (rolrI) (3.21)

would also be only slightly affected at 1000 atnospheres. Taking as an

example a section of RG-S8A/U cable with polyethylene dielectric, the

changes which could be expected at 1000 atmospheres can be calculated. For

polyethylene, the linear compressibility is about 0.011 per 1000 atmos-

pheres. Therefore, for AP = 1000 atmospheres, 14,700 psi,

1 dr
r wP AP = -0.011

The value of r /r. zor RC-S8A/U is about 3.0, which gives

AL 0.011
L 1n3~ o

AC 0.011 1 dc

C 1.3 + c d? tr

The change in dielectric constant should be negligible at 1000 atmospheres.

Therefore, the inductance per unit length decreases by about 1 percent and

the capacitance per unit length increases by about 1 percent. Delay time
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T should be negligibly affected, and the characteristic Impedance w-ill be

decreased by about I percent.

3.2.2 Fluid Effectt

In those cases where component housings would crush at pressures

well below those desired for operation, the housing must be pressure con-

pensated. Tvo types of proble's can result-changes in operation due to the

presence of a fluid of higher dielectric constant, i.e., oil rather than air,

and changes due to contamination Except for the air dielectric variable

capacitor, the presence of a higher dielectric fluid will probably not

significantly chenge the electrical operating characteristics of the in-

cersed circuits. Ccntanination, however, must be carefully considered.

As shown In Figure 3.12, paper capacitors are constructed with an am-

pregnating fluid in the paper spacing the metal foil electrodes. The

Impregnant nay be a wax, oil, or synthetic material such as chlorinated

naphthalene or chlorinated dipbcnyl (Ref. 32). If the case has an aperture

to allow free passage of the pressure transmission fluid-say, for example,

silicone oil--the effect of long term co0act of the oil with the capacitor

impregnant must be known in order to assess the possibility of deleterious

reactions of the generation of contaminants which could be transported to

ccntamination sensitive components. A similar consideration applies to

aluminum foil electrolytic capacitors, which use an aqueous solution of

aimaonldna boratc, boric acid. and glycol, or similar electrolyte solutions

[Ref. 32). Typical construction of an aluminum foil electrolytic capacitor

is shown In Figure 3.12 also.

Another type of electrolytic capacitor, the tantalum type, is exten-

sively used in circuit construction. Typical construction for the 'wet"

types and for the solid electrolyte types of tantalum capacitors is shown
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in Figure 3.16. The "wet" types use sulfuric acid or aqueous lithium

chloride as the electrolyte because of the high conductivity required to

reduce series resistance [Ref. 32). The miniature-type tantalum-pellet

capacitor is inherently pressure compersated if the electrolyte completely

fills the interior of the case. The dusl cell type shown could possibly be

compensated by haviug its cuter case punctured to allow oil to fill the

voids around the interior capacitor cells, assuming that these are com-

pletely filled by liquid electrolyte. The solid electrolyte (Hn0 2 )

tantalum capacitor, if of the construction shown, wculd require an interior

liquid fill for pressure compensation. The liquid would have to be inert

to the electrolyte. Pure silicone oil would probably fulfill this require-

ment, but the presence of any polar liquid contaminant could change the

value of capacitance if transported through the oil and accumulated at the

capacitor. Experimental work on the effects of water, methanol, and

isopropyl alcohol on MnO2 solid electrolyte capacitors has shown that these

polar liquids can cause an increase of capacitance and of leakage current

[Pef. 33). In this work the capacitors were uncased and icmersed in the

liquids. However, exposure to roe, air at 502 R.H. also gave an increase

in capacitance of about 6% over a period of 30 uinutes. There may be

st.mv shifts due to water vapor in the oil.

Immersed operation of transformers and chokes in oil should intro-

duce no problems providing that the insulation materials are not soluble

or softened to the point where turns could be shorted under pressure.

3.2.3 Experiment

Passive components have not been tested so far in this inveatisation.

This was due to the fact that past work by other investigators had yielded

a fair amount of data on passive cerponentv bur a limited amount on semi-

100



'bit.

), ltr ).tkn of.5t vl•-l Jno'r.•'ti"ol I i• Jstaui..-pd{•t efro.wi uti

1.'r-- 0 r oot

t-o ] o

C. (o'o-ttrtoto ,i * ,obj~d tr., lt. :,nloluo, C3~)!Ot.
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ronductor devices. The most comprehcnsive passive component pressure

testing reported has been undertaken by Anderson, Gibson and Pamey [Ref. 4].

These investigators used twenty component test sets taken in 1000 psi

increments to 10,000 psi and then back to atmospheric pressure. The

results of these tests can be sumoarIzed as follows:

1. Resistors:

a. Carbon composition resistors in molded cases showed a cun-

sistent decrease of resistance, R, with pressure, although

occasional units exhibited an Inctease in R before decreasing

at higher pressures. The decrease vas uniforn with pressure

for many units. Other units decreased rzpidly for the first

few thousand psi and then decreased at a lower rate to 10,000

psi. Those in hermetically sealud cases showed little change

to 3,000 - 4,000 psi and then abruptly decreased to about 0.9

X the Initial resistance.

b. F!lm resistors, both carbon and metal, showed little ^r

no change with pressure. ýIetal oxide films showed soewlhst

more change, but less than 1OZ at 10,000 psi.

c. Wirewound resistors in molded cases showed some change,

with occasional units exceeding 10%, but less than 501. One

unit exceeded a 50% change. Wirewound resistors in metal cases

exhibited abrupt decreases to 50%, apparently due to case

deformation onto the spool.

2. Capacitors:

a. Ceramic capacitors generally showed less than 10% change

(some increased. some decreased in value) although occasional

units exhibited a 10 - 50% change. A signiflcant fraction (30 -
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352) of ceramic capacitors in phenolic cases had a greater than

502 change.

b. Paper-mylar and solid impregnated capacitor changed very

little (a few percent at most) with pressure, with one unit

excepted, which had a 10 to 50% change over the 10,000 psi

pressure Interval.

c. Mica and glass-foil capacitors generally changed only a

few percent, although some glass-type units had a change between

d. Aluminum foil electrolytic capacitors exhibited erratic

changes with pressure, with 10 to 50% variaticos typical. Metal

cases were deformed and frequently found to be displaced from

the end seals.

e. Solid tantalum capacitors showed less than 10% change on one

batch, although generally the change was 10 to 50%, with several

greater then 50%, and many of the metal cases were deformed and

had ruptured end seals.

3. Inductors:

a. R.F. chokes (air core) showed generally less than 10% change,

although one unit varied 10 to 0S from its initial value.

b. Audio chokes (steel core) generally changed less than 10%,

although in one batch four out of six exhibited a permanent

change of greater than 50%.

4. Transformers:

a. Of twenty R.F. transformers on ceramic forms, half showed

less than 10% change while half varied 10 to 50%.

b. Several batches of audio transformers were tested. The open

frame type generally showed less than 10% change in trausforma-
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tion ratio with a few exceptions. Epoxy molded types usually

showed larger changes, 10 to 50%, with several units exhibiting

permanent changes of greater than 50%.

3.2.4 Conclusions

The theoretical analysis of Section 3.2.1 indicates tOnt many materials

used for rassive component construction exhibit little change in parameter

values with pressure to 15,000 psi. This includes the materials used in:

1. wirewound resistors

2. film resistors

3. capacitor dielectric materials (except air)

4. lanrnated ferroelectric cores for inductors and transformers.

Fabrication materials with appreciable void ccý-ent are likely to exhibit

large changes in parameter values with increasing appled pressure. These

include:

1. composftion resistor material

2. ferrites

3. powdered cores.

For the first group of component material-, the use of molded or vitreous

encapsulants without voids, which are capable of transmitting stress

-iie tly to the internals should provide devices which are relatively

;tress insensitive. The second group of materials must either be protected

from stress, or their change in parameter values must be known and compen-

sated for in some manner if they are to be used.

These conclusions are generally supported by the experimental evidence

cited in Section 3.2.3.
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3.3 Semiconductor Components Exposed to a Contaminated Fluid

Transistors and other semiconductor devices are housed in packages

to protect them from mechanical damage. In addition, however, many of

these devices must have a hermetic seal to prevent the accumulation on

or near the device of ionic contaminants and water vapor. From long

experience, it has been found that such contamination can seriously inter-

fere and often lead to catastrophic failure of semiconductor devices. We

new examine the problems which may occur when a cemiconductor device is

deliberately exposed to a fluid under pressure which may possibly con-

Stair. ionic contaminants and water vapor.

3.3.1 Ionic and Water Vapor Contamination Effects on Devices

It has been long known that ambient conditions have a marked

effect on transistor performance. Brown [Ref. 34] reported on the formation

of conducting "channels" on the surface of the base region of grown junction

npn germanium transistors. This was attributed to the inversion of the

conductivity typ2 of the surface of the base region from p-type to n-type

due to the presence of charges on the surface from an unspecified source.

A subsequent study by Kingston [Ref. 351 reported the formation of

n-type channels on p-type base region of a grown junction germanium transistor

due to absorbed water vapor. A review by Kingaton (Ref. 361 of surface

phanomena on germanium, citing the work of many expericenters, revealed

that the type and density of induced charge carriers at the surface of

germanium is independent of the bulk resistivity of the germanium. The

type of charge carrier induced at the surface depends only upon the nature

of the ambient. Table 3.4 ahows the relation betveen various gas

ambients and surface conductivity type as given in (Ref. 363. In
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Table 3.4: Surface conductivity type and surface potential

due to various gas ambJents [Ref. 36]

Gas Surface conductivity type and potential

"It 0 + N2 n type V positive

2) ~ 2 st .0 + air

N2 (dry)

Air (dry)

0•2 (dry)SH202 1-
03 p type V. negative

10:I
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addition to these studies directed cowards a theoretical understanding of

the effects, practlcal studies were made of the effects of various ambient

conditions on transistor reliability [Ref. 37]. Both 02 gas and water vapor

were found to have a large effect on the reverse saturation current, junc-

tion breakdown voltage, and the current gain of both npn and pnp alloy

junction germanium transistors.

The effect of water vapor is pertinent to the present study. Water

vapor in contact with pnp alloy Junction germanium transistors [Ref. 37].

was found to: (1) decrease collector base junction breakdown voltage, V.;

(2) decrease the reverse saturation current, I1, until a high vapor pressure

"a was reached; then IS Increased rapidly; (3) increase the forward current

transfer ratio, a (and, therefore, 0, since 6 = 1-). This effect of

water vapor was found to be similar to the effect of positive ions on

transistor surfaces, and essentially the same results were found for freshly

etched surfaces on the structures as well as for units kept under bias in

oxygen for two weeks after etching.

Sensitivity to ambient conditions of germanium devices is understandable,

since under normal conditions of surface preparation, these devices have

only a thin layer, 10 to 50 angstroms, of native oxide covering the bulk

germtanium. This thin insulating layer allows ionic charges which accumu-

late on th, outer surface of the oxide to exert stxong electrostatic

attraction on free charge carriers In the bulk. The effects of such attrac-

tive forces can be sumarized by considering the diagrams in Figure 3.17.

Ideally, there is no disturbance of allowed and forbidden energy levels

as an electron approaches the surface (X - 0 in the diagrams of Figure 3.17).

Figure 3.17A depicts this ideal situation for an n-type semiconductor. On
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this diagram, we denote the edge of the conduction band by ECS, we denote

the upper edge of the valence band by Evs, we denote the intrinsic Fermi

level by El, This is the energy level for which the probability of electron

occupation is exactly 1/2 in intrinsic material, that is, in not inten-

tionall7; doped materiel. Because of the deliberate addition of donor-type

imp'nrities to make this model material n-type, the Fermi level is now

moved upward to s position denoted by E. displaced by an amount 6E from

tht intrinsic Fermi level, EB. The energy difference between the Fermi

level, E., and the vacuum level--that is, that energy at which an electron

is free of the material but has zero kinetic energy--is called the work

function of the xaterial and Is here symbolized by W." The energy dif-

ference beatwen the bottom of the conduction band and the vacuum level is

denoted by & and is celled the electron affinity of the material. Vertically

ue plot a scale of electron energy, and the horizontal scale represents

depth into the semiconductor bulk from the surface, which we will denote

by x. This is the ideal situation. The density of free carrier electrons

in the conduction band is given by Equation 3.22 below:

n = ni exp (AE). (3.22)

The density of holes in the valence bank is given by Equation 3.23 bolow:

p - ni exp (-AE). (3.23)

In both of these equationt, the energy difference, 4E, is given by Equation 3.24

below:

LE - (E, - Ei)/kT . (3.24)
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in FiguOre 3.17B, we depict a siutioa in which positlive charge has somehow

accumlated on the surface of the semfcnnductorT The-effect of this accumu-

lation is to attract free electrons in the t•vl1 tar;n thc surface of the

aemic6nductor and hold them thera by electrostatic attrzetion. Now this

represents a dynamic situation with electron* continually coviz. to and

leaving th, surface, but there is always a net of electrons attracted tC

the surface due to the accumulated fixed positive charge en the suf(ce.

The efýect of the accumulation of electrons near the surface is to bend

the allowed energy bands as shown in the diagram. Xore that the spacing

between the Fermi level, Eý, and the incrinsic Fermi level, E,, has now

increased to account for the increase in concentration of electer.cas near

the surface.. Ve 4enote the level of the distance into the Moter'll over

which the energy bands are disturbed from their ideal position shown in

Figure_3.7 ?by XA. it is possible, With sufficient poaitive charge on the

surface, to ecc;;ulate a large concentratlon of elecr.rons in the germanium

just utderneath the surface, and when this ha;4sens, we cell it an accumu-

-l-ton layor. in other words, an accumulatien cf enrriers of the sane

type as the doping eZ the. hull germa-rn•i . Figure 3.17- shows another situa-

t.or which iaiht occur. In this situat'on, an accumulation of negative

e o-rge *n tke surfa. -f tae seziconductor induces a higher cotcentratiol

ca holes, or poaitive-charged carrierz, from the semiconductor bulk. T1hze

hola tend _o daerease e;ectron conceniration at the surface. If the -.t.ber

of holoa attreated t-.ard the surface ii, sufficiently large, the electron-

hole mancentretIons my bz essentially balanced. By definition, zue surface

is intrinasic, and the se.3pration behoeen S. and E i !s zero. if sufficient

aqatf'e charge sccu:wlsuis adjacent zo Cke semiconductot surface, the
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conductivity type may be changed from n- to p-type, in which case the

surface is said to be "inverted."

To simarize, charges which accumulate on the surface of a semicon-

ductor may influence the electronic properties of the semiconductor surface.

Charge of like sign as the majority carriers in the semiconductor will

tend to repel these carriers and attract minority carriers. Charge of

opposite sign to that of the majority carriers will tend to cause an

accumulation of majority carriers near the surface.

Figure 3.18 shows the situation which occurs for the energy levels of

a semiconductor when a real oxide layer is present on the semiconductor

surface. In this figure, the presence of the oxide has introduced some

energy states which serve to trap charge and to change the band structure

at the surface of the semiconductor. In the situation shown here in

Figtiie 3.18, we have an n-type semicc-,ductor with an oxide layer on it;

the thickness of the oxide layer Is given by x0 , and the disturbance of

the oxide layer and interfacing with the semiconductor has created some

energy states which are shown a. rectangles on the diagram. The energy

states which are imediately at the interface between the oxide and the

semiconductor, colored dark, are called fast surface states; and energy

states which are located in the bulk of the oxide or at the surface of

the oxide adjacent to the gas ambient are called slew surface states.

Tne reason for these designations is that charges or charge carriers from

the bulk of thiýaemiconductor may rapidly come to equilibrium with the

'nteri-ace s¢arcs or fast states so that a change in electrostatic attrac-

tion at the serface of the semiconductor can cause these states to come

to equilibrium lo one microsecond or less. These states occur in a density
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of about l10
1

/c=
2 

for germanium and of about 12/M2for silicon [Ref. 38,

page 3571. Since these states lie at the interface [Ref. 38, page 348J, they

are insensitive to changes in the ambient conditions-that is, the ambient

gas conditions-at the surface of the oxide. The slow states, which are

shown by the open rectangles on the diagram, take much longer to come to

equilibrium with carriers fron the bulk. These states may require as long

as seconds or longer to come to equilibrium. They are associated with either

states in tne oxide bulk or on the surface, which may possibly be adsorbed

species [Ref. 38, page 348]. The density of the slow states varies with the

way in which the oxide has been formed c- the semiconductor, but the lower

13 2limit of these states is equivalent to abouL .3 /cm [Ref. 38, page 358].

If the oxide is thin, as is the case with a native 3xide (formed at tempera-

tures of a few hundred degrees Kelvin at most) on germarium and silicon, the

presence of slow states caused by absorbed gaseous species tan cause insta-

bilities in device parameters as the ambient changes.

The situation shown in Figure 3.18 shows the bands bending upward near

the surface of the semiconductor at the semiconductor-oxide interface.

This situation implies that there is an accumulation of negative charge

in the fast and in the slow states or a net accumulation of negative charge

in these states which serves to attract holes toward the surface of the

semiconductor at the oxide-semiconductor interface; and in this stiuation,

we have shown an inversion region between x0 and xi. In other words, the

fixed charge in the oxide and at the interface has accumulated sufficient

holes to completely invert the surface on n-type germanium to p-type. In

the depth in the semiconductor between xi and xd, the material gradually

ch•nges from intrinsic to n-type again, and in this region there is a lower

density of electrons, free charge carriers, than there is in the bulk of
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the n-type semiconductor so this region is referred to as a depletion region.

The total region between x0 and xd is termed a space charge region, and into
S~the semiconductor beyond xd the semiconductor behaves as It would Ideally

with no disturbance on its surface. In other words, the semiconductor ex-

hibits its bulk properties.

The change in breakdown voltage, VB, of a p-n junction has been ex-

plained by Garrett and Brattain (Ref. 391 in terms of surface charge near

the p-n junction which alters the electric field pattern in the junction

region near the surface. The model by these authors to explain the experi-

mental results they and others had obtained is shown in Figure 3.19 in terms

of a p+-n junction structure (p- reans a heavily doped p-type region).

In Figure 3.19A, a situation is shown in which positive charge has Sc-

cumulated near the p-n junction; the positive charge has accumulated on the

surface of the semiconductor. Shown shaded is the junction depletion region.

The accumulated positive charge is shown ns + . Note that the accumulation

of positive charge at the junction serves to attract more electrons to the

surface and the more lightly doped n-typo material which causes a narrowing

of the junction depletion region near the su:face. This narrowing can

lead to a decrease in the breakdown voltage of V3 . Formation of a deple-

.on region or an inversion region, as shown in Figure 3.19S, due to the

accurulation of negative charg, on the surface near the junction widens

out the junction near the surface and results in an increase in VB towards

the ideal bulk breakdown value.

The formation of a channel (inversion region), as shown in Figure 3.19C,

results in an increase In effective junction area which can increase the

reverse saturation current. This will be discussed in more detail later.
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"- n layer near junctioniinverong pare of thep

S~n-type surface

e+Inversion layer

igure 3.19: Model of Garrett and Braran [Ref. 39a na
used to explain the dependence of -n Junction breakdown voltage, n c

VB upon ambiinti cpndations.o
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In addition to pointing out the desirability of channel formation to

increase VB, the analysis of (Ref. 391 also revealed that surrounding the

junction by a material of high dielectric constant would help to increase

vB•

With the zdvent of silicon planar, diffused devIce technology, the

possibility of using relatively thick layers of SiO2 , an amorphous, high

quality insulator, became apparent. These could be grown on the device

surface in an oxidizing atmosphere at temperatures near 1000*C during the

diffusion process. The ability of these "thermal" SiO2 layers to provide

stable operating characteristics for silicon devices was reported by Atalls,

at al [Ref. 40]. A range of thicknesses from thin (150-300 i) to thick

(4,000 A) was used. With surfaces protected in this manner, the silicon

devices were found to exhibit stable characteristics, at least on a short-

term basis, when exposed to a variety of different ambient conditions such

as wet NZ2 gas, wet 02 gas, dry N2 and 02, ammonia, and ozone. Junctions

* with thin oxides (150-300 A) stored in room air in plastic boxes for 15

months were reported to have showed no change in characteristicS-.

A subsequent report by Atella and other co-workers [Ref. 41] clarzefie

the conditions under which stability could be expected. Although the

Lhercal SiO2 provided very stable characteristics in a wet atmosphere

,gaseous ambient with water vapor present) for junctions without electrical

bias, or with forward bias, reverse-biased junctions were founa to be af-

fected as follows:

1. After application of reverse bias, the current increased over a

period of a few hours until it reached a saturation value deter-

mined by the relative humidity, applied voltage, and oxide

thickness.
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2. A channel (inversion layer) was generally formed on both sides

of the junction, Carrier generation in the space charge region

of the channels accounted for the increase of reverse saturation

current noted above.

3. The channels would be eradicated and original junction charac-

teristics could be restored by removing the reverse bias in the

presence of water vapor.

Atalla, et al., [Ref. 411 proposed that the cause of this behavior was

the ability of ions on the oxide surface, made mobile by the preserce of

water vapor, to be sorted out fu the electric field fringing the junction

where it intersected the surface. Removal of the high field due to the

reverse bias allowed the ions to recombine. As would be expected on the

basis of such a model. the thicker the oxide over the junction, the higher

the reverse bias and relative humidity required to obtain a given setura-

tion current level.

Experi•nental confirmation of the Atalla model was obtained by Shockley

et ag. [Ref. 421, who used a Kelvin probe to measure the changes in potential*

of an oxide surface caused by accumulated ions on th2 surface. The change

in surface potential, Vs. due to the motion of ions on an oxide surface of

resistance RS ohms per square, havina a capacitance of C0 farads per square

meter to the underlying semiconductor, was found to obey

Iv S (325
t RC 0 R ;2

where x is the dinension along the surface normal to the Junction at x - 0.

The solution of this equation is

117



VS Voerfc(xI2/t,•RSCo) (3.26)

subject to the boundary conditions that

- Vo for x !o0 A

Vs - 0 for x > 0 at t 0

where V0 Is the potential at x - 0. This variation of surface potential

was found to be in good agreement with the experimental results, indicating

the validity of Atalla's model (Ref. 41].

In connection with this model, Schlegel et al [Ref. 43] have used a

special test structure to study the drift of ions across an oxide surface

due to the presence of an electric field. They point out that Equation (3.25)

is derived on the assumption that the total density of ions is independent

of time and distance. By allowing for the case in which the total ion

density depends upon the surface potential, they obtain the equation

-V 2 a 2 2 (V
at Fe i;; .2•5 (3.27)

where u is the ion mobility (velocity per unit electric field) on the

surface. This equation has a solution of the form

V - V0f(x
2 U V0 t). (3.28)

This solution predicts a build-up of potential (and hence surface charge)

in proportion to the square root of time-as does solution (3.26) of Squatin

(3.25). Using (3127) and the test structure, these authors [Ref. 431 atuged

surface ion motion ac a function of ambient conditions. They estimated
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the value for P as 10712 to 10-11 cm/nec per volt/cm. Ambient humidity was

found to be the most important variable influencing the motion. The motion

was also found to be strongly dependent upon past test history of the device.

For an exposed device immersed in a dielectric fluid which contains

ions it is necessary to develop a quantitative estimate of the conditions

under which surface inversion layers may be formed which will interface

with proper device operation.

Consider first the electric fields present near the edge of a p-n

junction where the junction intersects the surface. A reverse bias of

magnitude Va will be assumed across the p-n junction. With no ionsat
present in the liquid surrounding the junction the electric field lines

will be as sketched in Figure 3.20. The electric field lines extend from

the negative charge at other surface of the p-region to the corresponding

positive charges on the aurfaa:. of the n-region. If the potential of

the p-side is taken as zero, then the potential of the n-side is V + Va,

where V is the built-in potential across the p-n junction.

li-quid

No oxide

111 t÷•L• \ V - _ l yid

Figure 3.20. Electric field lines at reverse biased p-n junction.
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The field lips configuration in the dielectric region (oxide layer

plus air or dielectric fluid) above the semiconductor surface near the

p-n junction assuming no "free charge" in the oxide or at the oxide-

dielectric fluid interface, may be determined by rigorous means through

solution of Laplace's equation for the potential function O(x, y)

x-- a-0- 0 (3.29)
ax2 + 2

subject to the boundary conditions at the interfaces

C () -( eo L (0 (3.30)s ay I >. x ay Ii

C a 0 = (3.31)ox By Ii C- f ay IIIY-;
yW ~ ox

where CS - permittivity of silicon

cox - permittivity of oxide

Cf - permittivity of fluid above oxide

W - thickness of oxide layer
ox

uid

0 - 0 (3.32)

on the p side of the junction, and

S- Vo + Va (3.33)

on the n side of the junction. The solution of (3.29) subject to these

boundary conditions c:in be lengthy. An alternate method is to use a

conformal transformation to gain insight into the field Line distribution.
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A model for such a transformation is sketched in Figure 3.21. The

coordinate system origin is taken as the midpoint of a symmetrically

doped p-n Junction, with the depletion regicn extending from x - -a in

the p-region to x - +a in the n-region. A standard conformal trans-

formation [Ref. 44] to the geometzy shown !n 3.21A allows a simple solution

of Laplace's equation (3.29), which is subsequently transformed back

to the original coordinate system to obtain the equipotentials and field

line pattern shown in Figure 3.21B. The equipotentials appear as confocal

hyperbolas and the field lines as confocal ellipses.

Yl z1 plane z2 plane

() xi x2
(a) I -a (b) +a 2

Figure 3.21. Two-angle transformation.

The magnitude of the field strength can oe calculated from (Ref. 44]

vd °+ Va~ I .

I 2I sin- (-/a) . (3.34)

This treatment ignores the layered structure of the dielectric. Consideration

of the boundary condition (3.31) indicates that the "vertical" (y) component

of fiei~s in oxide and in the dielectric fluid are related inversely as

the permittivities of the two media. The tangential components of field

are equal at the interface, of course. Thus, the oxide-dielectric fluid

boundary refracts the field lines.
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If mobile ions are present in the liquid, the negative ions will be

attracted toward the n-side and positive ions will be attracted toward

the p-side. This will eventually result in a positive charge laycr

above the n-side and a negative charge layer above the p-side as shown

in Figure 3.22. This ion accumulation has the effect of decreasing the

electric field in the liquid above the ion layers, and at the same time

increasing the electric field inside the oxide and at the semiconductor

surface. If the ion accumulation is sufficiently large and/or the oxide

is sufficiently thin this increased oxide field can cause surface inversion.

positive ion negative ion
layer layer

~ oxide

V=V +V

S--y --_ _- . . ..-

\'0

Figure 3.22. Accumulation of ions above the oxide.

The above picture has to be modified some if the liquid is in contact

with a large area ground plane such as a metal housing. With the situation

shown in Figure 3.22, the bulk of the liquid is at some positive potential

with respect to the assumed zero of potential of the p-type region. If

there is a large area gound plane present in the liquid the bulk of the
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liquid will be near zero potential and the ;teady state ion distribution
*

will be shown in Figure 3.23. In this case only negative ions can accumu- -

late above the n-type region which is at a positive potential. If the

p-type region were at a negative potential and the n-type regi-,; were at

zero potential, positive ions would then accumulate above the p-type

region and no ions would be above the n-type region. Since these caaas

are symmetrical, only the case shown in Figure 3.23 need be co.%idwred.

V.0 . large area
grouni plAne

\ + oxd

V 0

Figure 3.23. Charge distribution with large araa ground plane.

In steady state the accumulated ions above the n-regioni will bave a

surface charge density exactly balancing the charge per unit 3rea within

The potential of the bulk of the liquid may not be exactly at zero poten:ial
but will be close to zero. The bulk potcntial will depend on the relative
areas of the ground plane and the area of the n-type region as well as the
"otide thickness. For a large area ground plane it should be very close tr

zero. In any case the assumption of zero potential leads to a worst case
analysis of the oxide field.
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Ohe seiconductor. A 61•dy state voltage equation can be written across

the :-ace charge layers and throuh- the oxide vhich states

V V a V SV +Vox V S1 (3-35)

where j
V S potential across the negaEive ion layer

in the liquid

V potential across the oxideox

VS, potential across Che semiconduc:or space
charge layer.

If the. urface charge is not large enough to form an inversien layer, the

V S tern can be written as

qNP

VSi ,t SWd , (3.36)

Wherc

NX dcnor doping level in semiconductor

width af space charge layer in semicondocttr-

.. let 3S equal the charge per unit area in either the 'on layer or

the ieeicon-iuctor, the:!

w (3.37)

q1DEd ' '

and

- 2
LISI

VýS 2c SOD (3.38)
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The oxide potential Is

V -E O (3.39)
ox ox ox

or since

C-ox ox as . (3.40)

£Vx S "O . (3.41)
ox

The remaining term VS is the potential drop across the liquid ion layer.

The ion layer will be in equilibrium between drift and diffusion

effects and

us surface ion concentration

(3.42)

- N eqVs/i:T ,

where

N * bulk ic concentration.

The ion concentration will also decay approximately exponentially with

distance as

. e-NLe , (3.43)

where In the Debye length given by

c~kT

(3.44)
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where ca is the liquid dielectric constant. Then from the above

o s= qNL (3.45)

or 2
aS

- . (3.46)

The surface potential is then

S T. I' kT 0VS I in (3.47)qs No q St - L, tT N-----o

Substitution of the expressions for the component voltages in terms

of the surface charge concentration CS gives

2 o 2o+ O.x kT OS (3.48)

a 2cS qNo :S rox+ q C 'kTNo

For a given applied voltage and other parameters, the above equation

determines the surface charge c~ (in coulomblunit area) present in the

ion layer.

The above expression is valid as long as the semiconductor contains

only a depletion layer. If a ig sufficiently large an Inversion layer

will form. Whcn thIs occurs the above expression from VSi must be =odified.

When the Inversion leyor forms. VSi remains fixed at appr mately its

value at the onsct of inversion. If this value is Indicated by VsiA, then

for surface inversion

o a +Sa VS (3.49)
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for a Si where O$1 Is the value of surface charge at the onset of
surface inversion.

An approximate condition for avoiding. surface Inversion can be obtainedfrom the above equation. The term VSi* is known if the bulk doping isknown. In fact VSt* will be approximately equal to Va. They are exactly
equal if the p-n junction is symmetrically doped (i.e., ND In any
case, they will differ at most by a few tenths of a vnlc.

Then to a good approximation at the onset of inversion

V S- s ox + Vx 
(3.50)

ox

The VS term depends on the ion concentration in the liquid. For large
ion concentrations this terQ approaches zero. ThuR if we require thatthere be no surface inversion when this tern is neglected, surface inversion
can then not occur regardless of the liquid ion concentration. Then
neglecting the VS term surface Inversion will not occur provided-V

o a (3.51)

The surface charge required for inversion is a well known solid state
quantity and I-, given by

CS kTM 

S
aS0 q 2 Inn N 

(3.52)

If This equation ass"-as zero oxide charge. If the oxide has a net charge, the
value of GSi in thin equation should be replaced by oaS + os., where a., is
the effective surface state and oxide charge per unit area. This will eitherincrease or decrease the required W•o depending on the sign of ass-
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where N is the bull doping in the semiconductor. Then to prevent surface

inversion requires

ox > ox (3.53)

a q .t(/i

This equation can be used for the oxide either an n-type region or a

p-type region.

A graph of this relationship as a function of doping is shown in

Figure 3.24. As an example of the magnitude involved consider I A cm

n-type silicon. This corresponds to a doping level of about 5 x 10 15/cm3

From Figure 3.24 to prevent inversion requires that

v- 0.2 u/volt

A I u (10-4 cm) oxide can then sustain a voltage of 5 volts before inver-

sion occurs.

With properly designed integrated circu2ts, the ions in the liquid

should not cause any problems with surface inversion. The reason for

this is that all properly designed Integrated circuits will already be

designed with oxides thick enough to prevent inversion. Because the

interconnections in integrated circuits are done by metals over the oxide

on the device surface, the oxides in an IC must be thick enough so that

the maximun voltages applied to the metal interconnects will not cause

surface Inversion. This requirement on metal interconnects is the same

requirement as that discussed above where the potential drop across the

ion layer is negligible. Thus with properly designed IC's the oxide will
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automatically be thick enough to prevent surface inversion. This conclusion

applies to both bipolar and 4OS IC's. With discrete devices this require-

ment is not an inherent design constraint. Consequently some discrete

devices =ight show surface inversion problems with ions from the liouid.

In addition to the motion of ions on the surface of SiO2 layers.

motion within the bulk oxide has been extensively studied. The development

of stable metal-oxide semiconductor field effect transistors (YOSFETS) has

been critically dependent upon methods for minimizing and nreventing icnic

charge motion in the oxide between the gate electrode and the semiconductor

region beneath the gate. The model for this effect is shown in Figure 3.25.

Positive ions, indicated by + are shown in Figure 3.25A distributed

through the bulk of an oxide layer between the metal gate G and a semi-

conductor channel region. If the concentration of ions is sufficiently

large, the surface of the semiconductor may be inverted, i.e., changed fro-

p-type to n-type. Some order of magnitude values of charge concentrations

for typical doping levels will be considered below. in Figure 3.25B a

negative bias is shown applied between the gate and source electrodes

which cause drift of the positive ions toward the gate in the electrostatic

field. Application of a positive bias, shcwn In Figure 3.25C, will cause a

drift of ions toward the semiconductor surface. These, plus the applied

bias, create an inversion layer in the vicinity of the oxide-semiconductor

interface.

The charge motion in the oxide can cause a drift of the MiOSFET operating

characteristics with tine. Snow, Deal and their co-workers have studied

the phenomena of ion drift in detail [eef. 451. They point out that alkalai

ions, particularly sodium, are the most likely contaminants involved in

such drift. Concentrations on the order of I part per million are sufficient
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Figure 3.25 A. Initial condition. No bias applied to W2SPET.
Positive ions distributed In oxide bulk.

Figure 3.25 B. Negative gate-to-source bias applied.
Positive ions attracted toward gate.

it A-

Figure 3.25 C. Positive gate-to-source bias applied. Positive ions

driven by field toward semiconductor surface.
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to give significant drift effects. They show that for a general distri-

bution of charge density o(x) per uniL volume, as shown in Figure 3.26, the

charge per unit area induced in the gate metal Is

fx x x (x (3.51)

0 .0

and the charge per unit area induced in the 'c-iconductor at the surface i!

0- I x(-)(x)dx (3.55)
0 X0.

where

Q; + -Or, fX 0(x)dx (3.56)

and Q is the total equivalent charge per unit area In the oxide.

To obtain an idea of the order of magnitude of the effects of such

an oxide charge, consider the following situation. The oxide thickness

under the gate is 0.1 uv (1000 A). Assune that the chcrge is uniformly

distributed in the oxide, i.e., o(x) oO, a constant. Then, from (3.54)

and (3.55)

f0 _ x 
0  x )dx x /2

X0

S - 132
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Metal Oxide Semiconductor

dQdx .xc-

Figure 3.26: Increments of charge induced in gate metal
and in semiconductor due to an increment of

distributed charge in the oxide bulk [Ref. 45)
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and QO- -•oxo from equation (3.56). For an acceptor doping level of

2 x 1016 per cm
3 

of the sem!conductor, an induced semiconductor surface

charge of about 4 x 1011 e per cm 2 (where e is the magnitude of the charge

of one electron) will be sufficient to make the surface intrinsic. This

can be induced by an oxide charge of

00 - 2e x 4 x 10111-5= 8 x 101
6

e per cm3.

The effect of the distributed charge is equivalent to a voltage impressed

on the gate of about

A- ICO (3.57)

where C0 is the capacitance per unit area of the MOS structure. Since

the dielectric constant of SiO2 is about 4.0, the CO value for the assumed

oxide thickness of 1000 A Is

C 0 . 4.0 x 8.85 x 10 14/16-5 - 3.54 x 10-8 f/c 2 .

The equivalent voltage from equation (3.57) is

AV - x 10 x 1.6 8 1.8 volts3& x lo78

This increment of potential acts in addition to any potential which is

applied to the gate by an external bias source. If the oxide charge has

drifted to the metal-oxide interface, the equivalent voltage shift is zero

since a matching charge is Induced in the metal. On the other hand, drifting
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of the oxide ions to the vicinity of the semiconductor interface can

cause an equivalent voltage shift of about

AV - 3.6 volts.

Therefore, the drifting back and forth of ions can cause shifts ranging

from 0 to almost 4.0 volts in the gate to source voltage characteristic.

In addition to sodium ions, it has been shown [Ref. 46] that protons

in the oxide can be drifted under the influence of an electric field.

Contaminating protons can be obtained from adsorbed organic vapors or

water vapor or from the reaction of aluminum (frequently used for gate

metallization) and water vapor [Ref. 47]. Hofstein [Ref. 46] gives aI

diffusion coefficient of

D - exp(-0.73/kT)cm
2
/sec (3.58)

for protons in SiO2 in a field of 2 x 105 volts/cm. At 100* C this has

the value of about 6 x 10-6 cm
2
/sec. In contrast, the diffusion constant

for sodium in SiO2 at 100° C is about 3 x 10-12 cm2/sec (using data from

McDonald [Ref. 48]). Thus, the motion of protons through SiO2 is much

more rapid than that of sodium ions.

Many of the experiments performed on sodium and proton contamination

of oxides have used high concentration sources of these ions deliberately

placed on the surface and then diffused into the oxide at relatively high

temperatures, typically 250 to 300' C [Ref. 46], or 200' C [Ref. 45].

Using the results of Snow et al [Ref. 45) and McDonald [Ref. 481, the

diffusion constant for sodium in SiO2 is

D - I0 1 exp(-l.391kT) (3.59)
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and that for protons has been given above in equation (3,.12). Regarding

the source at the surface as constant, the concentration at a distance x

into the oxide is given by [Ref. 49]

o(x) = (o)erfc(x/2v'fit) . (3.60)

The extent of diffusion Crom a surface source will depend upon the con-

taminant concentration at the surface ý(o), the temperature--through its

effect on D--and the time, t, over which the diffusion has occurred.

Several different materials have been tried as barriers to ionic

(particularly sodium) transport in SiO2 . Among the glassy layers,

phosphosilicate glass (M5G) iRef. 501 has bcen effective as a barrier and

as a "getter" to immobilize sodium ions bet is subject to polarization

effects which may affect device stability. A more satisfactory material

is silicon nitride (Si 3 N4). Layers of Si3%4 thicker than 200 A are

effective in inhibiting proton motion (Ref. 471. A layer 1000 A thil'.

(0.1 am) over Sin 2 has been found to reduce the amount of sodium reaching

the S1i2-Si interface by a factor of 1000 [Ref. 511. Application of this

protection has been effective in preventing degradation of current gain

in bipolar transistor structures [Ref. 48] and has been applied to high

volume production of npn transistors by the Western Electric Company

[Ref. 52]. For several years nitride passivated integrated circuits have

been produced and used bv the Bell system and others.

Although nitride paisxvation has rrov-d effective in przventing device

instability due to Ionic drift in the passivation layer over the device, It

cannot cure the problem of drift due to th, accumulation of i charge layer

on the surface of the deoi-e iii blro!ar !evicos IRef. 48], an accumulation
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of surface charge on the order of 5 x 1I per cm2 can drastically reduce

the current gain, at lcw collector current levels, of npn transistcrs.

Much higher concentrations (about 9 x 1012 per cm2 are required to dograce

pap current gain due to inversion of the emitter region surface. When

considering performance degradation due to increased leakage current in the

collector base Junction, howcver, pnp transistors are much more susceptible

than npn transistors to surface ionic accumulations. This Is particularly

true when the induced channel region spreads to where surface defects can

be encountered. At these defects there Is a much highe' carrier gcneration-

recombination rate, leading to a 4apid increase in leakage current [Raf. 53].

The standard method for preventing this is to diffuse a rcog of highly

doped material around the periphery of the chip to prevent the channel from

extending to the highly disturbed scribe lines at the edve of the chip

[Refs. 52, 53. Another method is to use an additional metal ring ("Equi-

potential rir.", to overlap the junction region to prevent inversion layers

from forming (Ref. 48),

In addition to electrostatic effecta, electrochemical effects occur

on s6miconductor surfaces, which may result in device degraiation and

eventual failure [Ref. 543. Aluminum, widely used for =etallization of

transistors and integrated circuits, will react with water in tho presence

of trace quantities of ions of chlorine, amonium, copper and Iron, among

othurs. The reaction will continue as long as water is available and ma7

eventuallw lead to an open circuit. Built-in potential differences due to

couples of dissimilar metals or p-n junctions can locally enhance this

corrosion. Gold, another commonly used conductos, is susceptible to 8radual

dissolution by water when chloride ions are present.
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P'rotection against such corrosicr. cxn kbo obtained by coating the device

1t' a oyei oi ,- arrier. 5Shtcone resins hlave been found effective

for this purpose :r~ef. 53). Anov-er method is tz use a glass fric suspendedI

;a a volatile Uquid. Appliancion o., heat .. a fC,; hundred degrees centigrade

-e vaporates the liiquid a~tJ fuses Lite frit tc f-irc a glass enve~lope nVEr the

.ýircuir. If the glass layer Is tuoo thic-. thema; iztressps promote cracking.

One Invest- "r.Z ha rote that 2-to 2.5 A~icrnmeters Mil pr vide

satisfztctory protection without rrdckfii Fzef. 56,1, These coverings, ala)ng

with thbe increassig us*~ of 5L P4 passivarlon signal ozffocts by the semi-

ccndw;ýtrr_-1ndU~trv to prhvlide !;ermieirctFi at --he chip level. ir-order to

lbaite the need for hertzsniccly sea led- packages. These are e pensive

cad the lird-us-ry z;Luld prefer to rop-lace Ithen wizu plastic encapsulation

whereveý rfossible.

In su~zary, pasc cexper1.snx~r ;iith fogic co3 tart naticb *I ssemicconductor

devices h*as sh-ovn that such1 contazination cat; sirnificantiy -affect -the

osEration of these devices bychainging parxoeuer5- such as leaka~e, current6s,

transistor Current gain and 0-a junction 5re2scdown :oicapg• or 6y co-.-roding

si~~t~~rindustry--urged and fitep~ced' it, !a-_e measlire b7 tOD-co

fe,, years at l1eazt w12.. srili be 5sasrptihle to ler'ic czn-taninatlca of the

chi. I' ~scqestanalysis azel test prtograsas indicate thkZ there, v'jil

bý. io0nizc c-itaminants present, C*h,-:e will be a ticed to ien'-illy asuita,,ý.e

passlvatln~g Isatrial whiclh coulid be rourineli, applied to chips oar-zmarked
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for immersed sy-stem operation. At present the most likely candidate is

a conformal polymeric crating, asgplied and cured at temperatures too -IM

to degrade the preperties of the semiconauctor device. -

3.3.2 Experimental

Whesn opening TO-cans containing germanium alloy transistors.

either high power typzs or small signal types, it ve noted that exposure

to laboratory atmosplere .aused an -aediote shift of-collector 1-V_ c!_ar-

acteris:tic 4urves. Ge~eraily leakage current was incriased and the slope

of the curves increAsed. This is illustrate&- It Figure 3.27 which -shows

the change in characteristic cuz-ves for a 2Si1412 (Ce alkloyý. MW 150 watt

rating, manufactured by Motorola). Immersion in DC 200" In the pressure

chamber restored the original curve shapes to a large extent initially,

* as shown in Figure 3.28. Also shown in FPivre 3.28 are the consequeqt

shifts whan the dovice was pressured to 3000 and to 6000 psi. The last

change was abrupt and the curves remained with this shape when the pressure

was reduced to one atmosphere. The device was appb-..ntly mechanicklly damaged,

evidenced by sensitivity to probing arocnd the periphery of the-base..

B: Small signal Ge alloy transistors, type 2ý526, were also found to

chaA~e characteristics when exposed to- laboratory atmasphe':e or Lmersed

in DC 200 fcr a short time. In one case, a coating ef room teaperature

valcsnizing silicone rubber, RTV 3144 was used to coat a 2Ni$26 tr.msistor

chip immediately after the cap was removed. This wci cured overnight at,

room temperature. The transistor was tested to 14000 .zi snd found to

keep the original collector I-V curve shape. Th% c6ofirmed the theoretical

prediction that pressure, per se, up tc 1IM" atmospheres vould not signifi-

cantly influence device operation. It also indicated that an Bffective

p-ssivant would allow operation to deepest ocean pressures.

*-wCora.ing prc'Juct.
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A. Collector I-V curves at

room teeperoture prior

-to opening of package

S. Collector I-V characteristics

JrA at room tesperaturr6 atter

A ~padckae has been opsed
5 -and device exr-oscd toK ~laboratory etuosphere.

Figure 3.27: Collecte7 I-V icurves for 2NI16127 Phi~ Ge

alloy p~ower t,,4.antator
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A. In DC 200 In pressure

chamber at I atmsphe;ie

B. At 3000 psi.

C. At -1 atmosphere after
Pressuring to 6000 psi
where curves abruptly

changed to shape shown
at left.

Figure 3.28: Ge Alloy Transaitor (2xI14l2) in silicone Oil
tImder various ptessurca.
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Silicon transistors, both power and small signal, bipolar and MOSFET

shoved no significant change in operating characteristics when exposed to

laboratory atmosphere or DC 200. Even when an attempt was made to contain-

ainte DC 200 with aqueous NaCl solution-of the same chloride ion concen-

tration as sea water--no changes were noted. It should be pointed out

that these were short tern tests, several days at most.

Very dilute solutions of NaCl, 150 ppm salt concentration, in distilled,

denIneralized water were applied directly to the silicon chips of small

signal, _'i noise transistors, Fairchild types 2N2483 and 2484. Typically,

the base-eaitter forward bias curves were recorded before the hermetic

seal was broken, Immediately after opening in laboratory atmosphere.

cfter the dilute salt solution was applied and dried in room temperature

air, and after the salt residue was thoroughly rinsed away by distilled,

demiseralized water (ddH2 0) and the unit dried in ai" or nitrogen.

Figure 3.29 shows the result of one series of tests. The low level

emitter-bane current is incroased by a factor of about 200 by exposure

to laboratory air. Not much improvement was gained in i humidifier.

Another 200 fold increase is obtained due to the salt solution residue

on the device. That this is a surface effect is evidenced by the restora-

tion of "original" in air behavior following a ddH20 rinse and drying in

nitrogen.

An effort to repeat the process on the sane unit wqs not successful

because of an open circuit which developed when the Al lead wire from one

of the posts In the header to the emitter metallization parted near the

post. Altbough this night be. attributed to mechanical failure due to

rinse water impinging on the wire, it was probably enhanced by chlorine

corrosion of the aluminumn. Evidence for this was secured with two other -
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1-42483-3S
7/5172

6Z

2 Ref. Diode
3 

All Curves Forward Slis4 
1. Bermutic seal Intset.

3, / 2. Cap off - In lab. air.3. Cap oft - in dehumidller4- After cleaoin• rwith cetone.
5. dda02 rinse - dry In N

6.iOPF salt 501. drIeg on device
7 ddfl 0 rinse - dry n e.8 10"2p; salt solution gried
9. ddH20 rinse - dry in n,

InA
/

1/
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Base emitter voltage, Val (Volts)

Flgure 3.29
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2N2483 devices which were deliberately contaminated with "as is" seawater

followed by an acetone rinse or a dd.120 rinse. In both cases, a lead

opened up. In one of these devices. the progress of the deterioration

could be followed. Curves for this device, 2N2483-25, are shown in

Figure 3.30. It had previously been contaminated with 150 pnm salt solution

and rinsed In acetone, to avoid complete removal of the salt. The series

of curves was token with electrical blis joplIed only during the time

taken to plot the curve, about 30 seconds. The aluminum wire base lead

had parted and the aluminum metallization appeared to be severely attacked.

Although the use of undiluted seawater is unrealistic from the point

of view of oil Imersed operation, the rapidity of the failure points

out the problem that may result from 1onz: term exposure to much lower

levels of cont=inants. First, there can be an electrical effect on

device para=eters, particularly in low level signal processing, and

secondly, there can be corrosive attack on the devices if the oil becomes

contaminated.

A long term imersion test was initiated using some devices which had

been previously opened and pressure tested as well as some which had not.

light MOSFET devices, tabulated below in Table 3.5. were decapped and

imcrsed on 4/10/72 in Dow Corning 200 silicone oil. No attempt was made

to contaminate the oil other than the natural contamination due to

routine handling of the components and circuit boards. Prior to Immersion,

photographs were made of the characteristic curves for each device and

the drain to source voltage drop was measured for each device in thermal

equilibrium in laboratory air with a supply voltage of 10 volts. Following

imersion, the supply voltage was increased to 15 volts to bring device

dissipation close to the rated 250 cilliwatt value during the l-ersion.
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2N2483--2S
7/3/72

1* !.-3; curve - orwsd bias

•2 12. rop Of seat uster tPP~lted, rinse
3. • "It etcue , 'dried 1. H at. 1640 .U se ex above . "e~ p t sl o~r . a t .li53 .

"5"' S as above,, except later. at 1702.
.5 k t 1703 €oc ,.,t vith device lost*.

0.2 0.3 0.4 0.5 0.6 0.7
SUse eiltter voltage. V., (VoICS)

FIaure 3.30
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STa'v 3 5: Percentage c0ange !n M )I.i dra .I ,urr..z "s on various
4days, compare,! tc i:, lIEaI dr.iIn turrent

Percentage change I in4rar • .rreat on u.t~e

Device 9129/72 11/6/72 11/6/72 11/7/72 3112173

3N157-13 -14 -:4 -!4 *21 +14

3:157-12 -50 -61 7 -75 -61

M163-2 +20 220 "O -20 '20

M163-1 .6 ý6 *6 -12 +6

3N152-2 -2 -2' -2 3 ý20
3NI52-1 .9 -3.5 -3.5 -3.3 -4.0

2,X3796-4 -4.7 -25fl -13 -;o 0

2NV3796-3 0 -2.5 -2.5 -5 -7.5

*Following TCW and acetone cleaning

Bipolar devices were checked in a similar manner prior to immersion.

Figures 3.31 and 3.32 show the circuit diagrams used for both bipolar and

MOSFET devices. oil bath temperatures were about 40°C.

During 11 months of immerTion, the exposed bipolar devices showed a

drift of collector current of only 5.5 percent maximum. This was not uniform.

but has varied from time to time. This variation was within that expected

frem meter accuracy and changes in ambient temperature of a few degrees

centigrade. Immersed operation appears not to have changed these devices.

For the HOSFET devices, there was an initial shift in current values

from the time of first immersion to the check made about six months hater.

The amount of this shift and that measur.d f,,r each of the devices on

subsequent measurements is shown in Table 3.5 Except for one device,

the amount of device current change. referrcd to the initial value, apreared

to be relatively stable. On 11/6/72, arnroxicatelv 7 months after the
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SZN't*1A- Z~ A- 15 volts

2 DC

Figure 3.31: Bias circuit for bipolar transistors in

long term Immersion in silicone oil

+ 4

141L. MI- ~15 volts
DC

.3NI5Z~ Z

00

Figure 3.32: Bias circuit for MOS field effect transistors in

long term imersion in silicone oil
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Initial '=etsiun, the radical inlc,.Se ,a the currer of device 2%3796-4.

pro=pLed a clrmer look at tile test devi-.s.

Since It is well know' that tihe zamt,,_anue ýt the ?WJS gate-oxide-sii!A erk

structur, o; a 3!OSFET dependi ut-on re -ec c'ra-ncc cistribution in the oide,

among other things, rovt•ions werv mr,. r. .- , i, `t s parra.eter for

the test devices. Pints t,: the Ra. .. -. 'd.at. (.,,.1itatee as a :unction,

of v'ltaee were rade for- ea( ,J-v : r tL a id th.c.,m'fnt to surface A

cleaning with electronic grade tricalouroCth ienc (-C!:) and acetone. OnlI

one device, 2:.3796-4, showed an it'eda ,, ete tL itt drain uncent change

following the cleaning, but there w.• nj dJtct,.abic change in tile C-V

characteristic of this device. This ind1,ated that no dhange in charge

distribution in the oxide bulk had o~curred. hut that perhaps some

surface effect was operative.

ic data of Table 3.5 show that for most devices ti-cre was an increase

of drain current. One ,ossible explaadtia for tris would be a long term

drift of rositive chargq In the oxide. in the case of n channel devices

a p-,s tive gate-source bias drifts positive charge toward tie p-type

-'lic " su•bstrate, attracting negative ;tharae carriers to ifrcrease the

P-chanrnel, causing more current t low. Int tire case of p-channel devices,

the nega3tiVe gate-source bias would drift positive ions toward the gate

where they could be compensated by negative charge on the gate. This

would remove the inhibitory effect these iositive charges have on the

fc.rmarion and increase of a p-channel. These positive charges are

"built in" during the device ma'nufacturier- rocesS to an extent depending

upon the expertise of t!.e ufacturt- iI- gro.wng "clean" oxides. The

drifts ob-lrved may be inhrercnt In *Ire a, rtanufactured devic es.
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As a check, three de-capped devices and four devices with caps intact

were tested. All were p-channel iOSFET's, type 31157. These were connected

as shown In Figure 3.32 except for the gate connection, which could be

changed to allow connection to -15V, ground or to 3 pulse source for a

check of pulse gain. Table 3.6 shows the change in drain-to-source voltage

which occurred under various bias conditions. All voltage checks were

made in air, allowing 15 minutes for temperature stabilization. After

the Initial check, on 10/18/72, the devices were operated in DC 200, 10

centistokes. The bias was changed as noted in the table.

In the first 24 hours following immersion, there was a decrease in

current through all devices to a value which remained constant over the

next four days. A twenty four hour application of a positive 15 volt

gate bias followed by application of -15 volts just prior to mesauremont

gave a further decrease in current (i.e., lower IR drops in load resistors.

hence higher drain to source voltages). This effect was reversible by

application of negative 15 volt bias again for a period of tlma, Handling

of the devices took its toll. The lack of recovery shown by uncapped device

3NI157-15 was followed by eventual total failure (open circuit). Similar

failures of two capped devices, -20 and -21 occurred during subsequent

testing such as pulse gain, CV plots, etc. Device 3.4157-15 failed due to

a break in the drain lead wire adjacent to the wedge bond on the drain

pad of the device. The break appeared to be due to mechanical reasons.

After failure 311157-20 was also decapped and found to have a parted lead

to the source. Again, this occurred at the wedge bond and appeared to

be due to mechanical reasons. Device 3NI57-21 was also decapped after

failure. The reason for failure was a burnout of the aluminum metallization
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between the source pad snd the curvilinear ziluminum source strip around

the periphery of the device. This was due most likely to an improper

insertion in an electrical circuit during testing.

As shown in Table 3.6 each device, capped or de-capped, experienced

a decrease in drain current for a given bias (-15 volts) over a period of

time except for 3Nl57-19 which experienced an 18 percent increase. This

seems to contradict the results cited previously, where practically every

tmcapped MiMSFET experienced an increase in drain current. However, in

the previous test device dissipation was limited by using a IOV drain

bias for meapurement In air, whereas in the present test 15V was used.

During the 15 minute wait for stabilization, the devices heated well above

ambient. In a field effect device, the transconductance is directly pro-

portional to the mobility of the channel charge carriers. The mobility,

in turn, is a function of temp.erature. Fer the relatively lightly doped

material commonly used, the mobility will vary approximately as T-2.5

[Ref. 21]. The much higher dissipation cf the second test series (about

450 rwatt pet. device versus about 250 =watt before) would account for

this shift.

Based upon the data reported above, however, the following conclusions

can be drawn:

1. Bipolar devices are relatively unaffected by operation in DC 200.

2. There is some inherent drift la 0SFLT transconductance character-

istics under high bias (gate voltage near that of drain voltage).

3. In addition to the inherent .Irift, surface conditions may influence

WOSFET performance.
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.3.3 Thernato .fiects c. .'.v~ce C-clmaI' .,Cal 7ragser

As is well .r:nz:n, varzatim un f ltm-erature ca. cauwe Variations

•n the. cperating parea.-tars of sacicoaductor d',jv:c-., lal:aý:e c.-rr It, E,

t.Z'nsistor curvent gain. h,. and junction for'-:r .vht.- a crop ar constant

current, Uz, are all sensitive to tsremerarure chaames. For slicon

tx1,aigtors t>pical figures erte cRof 571

I S deubls• with a 12* to 0" C incr-asu,

V VBe ecreases at au.Oat 2 ntllivolts per 1' C increase.

The change in current gain with temperature depends upon the way in wh!ch

the device is made. A recent study fRaf. 581 found that for an 80* C

change, from -55* C to 25* C. the d-c co--non-emitter current gain changed

as shown in Tab!e 3.7.

Table 3.7: Change of current gain with temperacure tRef. 58)

'oevIce Type -55" C 250 C h F(25"C)/h 1(-35*C)

Einglc diffused 85.5 99.0 i.12

Sirgle diffused 50.0 66.7 1.334
"a.6.5 79.5 1.71

Fesa 37.0 70.0 1.89

28.0 59.0 2.10

Mesa 34.5 76.5 2.20

Planar 11.0 24.5 2.33

Planar 8.5 22.0 2.60

Planar 44.0 130.0 2.96

Planar 25.0 76.5 3 04
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")any techniques have been devised by circuit designers to minimize

the effects of temperature changes on circuits using semiconductor devices.

Large area beat sinks are employed to Improve dissipation from power

controlling devices such as rectfiers, SCR's and power transistors. It

Is of interest to the systc- design engineer to know to what extent the

heat transfer from semiconductor devices will be alteced by immersed

operation.

As is well known, many large power transformers operating at atmospheric

pressure are immersed in a dielectric liquid (oil) which, among other uses,

serves as a heat transfer medium. The heat transfer is usually accomplished

by free convection and by conduction Oirough the oll. Generally the heat

transfer rate is significantly sreater in a liquid than in air for a given

temperavire drop between the heated object asd the surrounding mediuXI.

This fact has prompted a careful look at liquid cooling of high density

microelectronic circuits. A recent study [Ref. 591 has compared fr-e

convective cocing in air with free and forced convective cooling in

Freon 113 fluid and Dow Corning 209 silicone oil of microelectronic circuit
chips. Figure 3.33 shows the heat flux in watts/cz--2 from the semiconductor

surface as a function of the temperature drop from the surface, at TS, to the

arbient fluid at Ta C. For example, at AT - TS - Ta 10* C, free con-

vective cooling by silicone oil dissipates three times as much heat per

unit area as occurs in free air.

Although enhanced cooling czm be ex:pected due to immersion in the

oil, considrcaric•n oust be given to how the free convective hb._- .ransfer

in oil might be Influenced by pressure. Pressure -.-ill be expected to

increase density and viscosity-leading to a decrease in convective heat
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Figu':e 3.33: Heat flux from semkonducror surface versus
temperature difference in air, Freon and silicone oil [(ef. 59]
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transfer-and increase the thermal conductivity-leading to an increase 1n

conductive heat transfer. The change in overall heat transfer rate on

going from atmospheric pressure to pressures av high as 1000 atmosphereas

will depend upon the relative magnitudes of the opposing effects. For

free convection, the heat transfer coefficient, he, defined by

he - q/AIT (3.61)

where q is the energy transferred per second, A the area of the dissipating

surface and AT the tesperature drop from surface to atbient fluid, is

proportional to the density. o, viscosity, u, and thermal conductivity,

k, of the fluid as shown belov [Ref. 50].

hC - coast x k[L 3p g(1,Týl/uj] (C pjIk) (3.62)

The exponents a and b depend upon the geometry of the heat dissipating

surface. For horizo-ntal sqtere plates, the exponents are equal, a - b,

and their value depends upon the range of values of the parameters. The

dimensionless paraater group in square brackets raised to the ath power

in equation (3.62) is called the Grashof number, symbolized Grp and the

dimensinless parameter Srcup raised to the bth power in (3.62) is czlled

the Prandtl number, synbolized Pr. Using parazeter valuss typical of

10 centistoke DC200, tn=ely

9 - 0.934 gr/c=
3

y - •I. - 0.1 stoke

C - 0.35 cal/l&g C

k - 3.2 x 1 cl-sec/c~PC/cm

- 1.08 x 107
3

/,C
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(Source: Dow Corning 3ulletin 22-069, dated 10/71J and assuminr 1. 10 cm.

S AT =25°C,

Gr 2.65 x 10
6

Pr - 1.02 x 10

and the product is

Gr Pr 2.71 x 108.

According to HcAdams, in this range of parameter values, a = b - 113.

Therefore,

h o k
0 .

6 7 u-0.33
c

apd the ratio of h at 1000 atmospheres to that at I atmosphere will be
c

Itc (1000) .k ,1N0.67( - 0,33

where the o subscripts dinote reference (1 atmosphere) conditionrr The

rfat.on for fluids of thermal conductivity and viscosity with pressure

--rends upon the co=plexlty of the moaecules of the fluid. Viscosity

varies roughly exponenti.-1ly with pressure, as shown in Figur. 3.34A

(Ref. 29, p. S2). Thcr=il conductivity, however, increases i lower rate

With incred.ing pressure Data on two different fluids, rert'lalcehol and

iso-amyl alcihol [Ref. 29, p. 921 is plotted In Figur. 3.34B. The variation

is slightly sublinear. For the two fluids shnrn, even thoug, of different

rolecular structure, the increase is about the sawe--roughly 20 vercent at
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u- il- 1, Eugeno2 3*
2. Silicone (CH3 )3 S.Osi(CH 

3) 2
4 OSi (CH3)3

3. i-C3 H 70H

'-5H12

71 1 5. n-C HOH

-- 6. C2H3oH(30°c)
7. CH30H -

8. H20(0*c)

0 5 10 15 20 25 30 
-•

Pressure (X 103 atm) -Z

Figure 3.34A: The viscosities of some compressed liquids. The measure-
ments were made at room temperature unless it i1 otherwise
indicated [Ref. 291.

2.

o • CH30 H OH

100o 2060 300 o- so3 62bo

Pressure, atmospheres

Figure 3.34B: Change of thermal conductivity with pressure for a liquid
of simple molecular s:ructure and a liquid of cotplex
s-ructure [Ref. 29].
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A
1000 dtmnospheres and 33 percent at 2000 atmospheres. Using the curve for

silicone fluid In Figure 3.34A, there is about a threefold increase of

viscosity at 1000 atmospheres. Using a 20 percent increase in thermal

conductivity at 1000 atmospheres as typical,

h (1000)

h (1) (l.2)0.67 (0.33)0.33 - 0.79
c(l)

There will be about 21 percent reduction in heat transfer capability due

to the pressure.

As a test of whether or not this optimistic forecast can actually

be achieved, two power transistors in TO-66 cans were de-capped to allow

operation in contect with DC 200 silicone oil, 10 centistokes viscosity, at

pressures ranging from atmospheric to 15,000 psi. The silicon chips of

both devices were coated with a white polymeric substance by the manufac-

ti.rer, Motorola. The planar silicon power transistors, a 2N4232 (NPN) and

2N3740 (PNF) were connected as shown schematically in Figure 3.35. The

.ircuit board was attached to the sheathed iron constantan thermocouple

aich penetrates the pressure chamber along wih the electrical leads.

The Position is shown in Figure 3.36. The voltage drops V1 , V2 , V3 and V4

.t ted on Figure 3.35 were monitored to determine base and collector

ur:ents in the devices. These were monitored with the devices operating

PC 200 at atmospheric pressure, 5000 psi, 100GO psi and 15000 psi.

A plot of the power dissipated by each transistor and the collector

current of each as a function of time is given In Figure 3.37. Also shown

is the oil temperaturc indicated by the monitoring thernocouple. Each

time the chamber pressure was increased the temperature increased for a

short time and then settled back. The collector currents and power
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2H4232 W3740 30V

FIFure 3.35: Sche=1a.1c diagraz of pover transistor
bias circuits for heat transfer tests.
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41

Figure 3.36: Test arrangement of silicon power
transistors for heat dissipation test.
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dissipation of the transistors followed these temperature variations,

with the MIP 2N14232 apparently more sensfitive to the changes than the

PNP 23740.

Although the temperature indicated by the thermocouple remained

relatively constant-except for pump up surges-the transistor currents

fluctuated somewhat, with the fluctuations of the 2N1232 larger than

those of the 2H3740. The input base currents during the experiment

varied by less than one percent =n the case of the 2X4232 and about two

percent in the case of the 213740. These variations did not always synch-

ronize with the collector current fluctuations. A possible reason for

the 2R4232 device fluctuations appeared when this device failed--t 12000

psi after having been pressured to 15000 psi. Subsequent examination

revealed that the emitter lead had parted from the terminal post. The

* stitch bond on this lead had been made at the very edge of the post. The

leads to the metallization on the chip are protected by a polymeric

coating against vibrational stresses, but not ar the post. It is likely

that the vibration .created during removal of the top of the cip ruptured

the bond, but it did not part until late in the experiment, for an unknown

reason. It is possible that adhesion between the polymeric coating and

the lead was good enough to support forces leading to rupture of a pre-

viously weakened bond.' A schematic sketch of this is shown in Figure 3.38.

The bulk modulus of polymeric materials is generally much lower than that

of nany other solids, leading to greater deformation unda-. pressure. Such

deformation is suggested by the arrows in the polymeric coating in the sketch.

The total force developed along the wire, symbolized by the reaction force

FB developed at the bond area, may be sufficient to rupture the bond,

particularly if it has been previously weakened by vibration or other

mechanical stress.
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Polymer

Lead Wire

-~FS

During Bonding

Figure 3.38: Schematic Representation of Forces Developed
on Lead Wire by Polymer Compression.

In spite of the device failure-which would have probably occurred

soaetime during normal (hermettcally-sealed) operation with a sufficient

vibrational input--the experiment was useful in indicating that the DC 200

was capable of providing a good heat transfer even at 15000 psi. A

subsequent check of the 2N3740 mounted on the same circuit board in air,

using a 30 volt supply and the same base current drive, gave an initial

IC - 171 mA. The transistor heated rapidly and by two minutes IC had reached

203 mA and was still rising. The polymeric coating over the device started

smoking and lifued away, so the experiment was halted. A subsequent curve

tracer check revealed that the transistor was still good. This exercise

provided a graphic demonstration of the cooling provided by the DC 200 even

Sat 15000 psi.

The data from this test are inconclusive as to whether or not the

heat transfer slightly improves with pressure, but they do indicate that

substantial cooling occurs due to immersion and that the heat transfer

rate is decreased little, if at all, at 15000 psi. This result is very

promising for the operation of power dissipating electronic components to

the deepest ocean pressures.
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4.0 CONCLUSIONS

"Contemporary electronic components will withstand and indeed function

at the deepest ocean pressures" - a review of the literature describing

the operation of existing outboarded electronic systems is ample proof of

this statement. Aside from the fact that there are operational systems

which testify to the practicality of outboarded electronics, the literature

also indicates that there are also many other devices which have been

tested and appear to be outboarding candidates [Ref. 6]. What the liter-

ature does not establish is the art, technology and criteria needed to

select, reject, apply, and test for potential usefulness. The present

study has atrempted to uncover some of the fundamental problems and

solutions which will be encountered ii. nutboarding contemporary electronic

components. The following paragraphs document some of the conclusions

from the study.

4.1 Pressure Effects

The first and fc .-. St Lonclusion is that most electronic materials,

metals, semiconductors or dielectrics, are unaffected by either the pressure

of interest for ocean use or typical pressure transmitting fluids. This

Is particularly true for solid forms such as crystals, films, and wires.

There is ample proof that these material forms are not sensitive to pure

hydrostatic pressures in the range of interest for present or future Naval

operations. On the other hand, granular and pressed powdered materials

are very sensitive to pressure and consequently components made from these

material forms should be avoided.

Non-hydrostatic stresses induced by housings as the result of voids,

mismatch in elastic properties and stresses induced at the time of manufacture
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can and often do cause device failures to occur with the electronic

materials. In almost all cases for semiconductors and dielectrics, the

electronic material will fracture and result in a catastrophic failure

as opposed to reusable non-destructive failures. For example, a semi-

conductor chip may fracture at pressure levels below that which would

result in noticeable material property damages when there is a void in

the chip-to-substrate bond.

While most electronic materials can be expected to withstand the

hydrostatic pressures, the package that contains the active elments

may not withstand the pressure. The most coon failures are package

deformations resulting in the creation of catastrophic stress levels

for the enclosed elements. Voids are the n,.uber one cause of failure

with elastic property mismatch a poor second. The present design of TO

cans and thin lid (particularly metal) flat packs nakes them unusable

for i=mersed operation. Although some TO cans are usable to several thousand

psi (TO-18), most fail well below this. The present variability in such

factors as wall thickness, material and edge rounding gives a-wid& range

of maximum allowable pressure for a given type--too wide for any confident

statement that, c.g., "TO-3 cans are usable to 500 foot depths."

Some existin3 ceramic DIP designs will provide pressure resistance

to depths nearing the deepest part of the ocean. As in the case of TO-

cans, however, variations in material and geometry can give a fairly wide

range of maximum allowable pressure. The key to the pressure resistance

of present ceramic DIP designs is a relatively small cross-sectional void

area and a relatively thick cover.

Plastic packages without internal voids are not subject to catastrophic

crushing. However, the relatively large compressibility of plastics
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"comparod tti other material :ay proxote deformation which can pull lead

wires from ceziconduc'tor devic j.

Pagsive e-q•nent ptzkages, follow the same pattern. Solidly filipd

housings trantuit stress elrectly to co=mpnenrts anj do not lead to catas-

crophic failure. Packzages vith voids, however-, geneT611y fsil at pressures

well below those eqftvzlent to that in the dfepest parts of the ocean.

4.2 Fluid Effects

Oils are t)e most_ prevalent-preasura transmitting fludds. Liquids

have bcen used in pa-esVe devices for years and in isny aao•catien5 Ouch

as transforrers; devices such as resistors are Ztored i- oil utth no

*dverse tffccte. Oil is in fact a much Q, ori benign envir.nment than

ordinary air cox,-aining moisture. lons in the fluid can cauza device

failureG, thro:gn corrosion or ior'c induced efficta such as Vneersion

laýyers in xemicon~uc'tor devices. The present studies indiare that mokt

semicondactor devices are fcbricated in ouch - =snner as to make than

-- ervious to oils in co..act with the=. This is particularly trtm. fox

Integrated circuits. Exp.rimental evidence alsa indicates acet contact-

icat-on effect6 are minimal. soth short ansd !ng ter, studies Indicate

:hat btpolir zaicond-,cror devices are not affec!-ed.

4.3 Preasur, !'arlnring Techniques

Several 4cheme- ara feavible to prese4.c. harden device*. The most

&e;Iotou techniqc is to encapsu-ate Oe devie with evough mamecial with

sufficient strength to abs•.rb the pressura and hence protect the device.

Epoxy is a goed cardidate !or most devices. The szcond technique Is to

charga the package geometry. For eiample, a hemispherical transis:,,r

package car, withst3z;l almost an order of magAitude more pressurc '",an one

with a flat top. The rhird and by trr the aost promising i to f'ood
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the device. It may be that a pliable coating of a passivant material may

be needed to isolate the fluid from the device, however, initial results

on most devices indicate that this is unnecessary.

Several cautions are worthy of mention: (1) make the device as =,mall

as possible (stress is force per unit area); (2) choose devices constructed

of materials of sim•13r ela:tic properties; (3) avoid use of manufacturing

practices which result in uncontrollable voids in the device at locations

which cannot be flooded; and (4) avoid components which utilize liquids,

powdered materials, and laminates.

This study has not uncovered any problems that will not be solvable

and hence prevent the use of almost all electronic comp-oents in an out-

boarded mode. This does not imply that there are not ntunerous problems

to be solved. The art and the tzchnolegy must be 4-ecovered and documented

on a practical level.

4.4 Reliability

No definitive statement cen be made on the whole question of reliability

* of electronic devices for pressure tolerant electronics at this time. Very

fev studlae have been conducted Chat hava cansidered enough samples to

have a.ny significpnt statistical value. Almost all investigations, the

present study included, have •tilized r-presentatIve devices but often

only one or two In each category.

The present s9.:dy Ia- considered suem of the more obvious failure modes.

SHowever, subtle failure mchanisms will certainly be identified for all

deTIce types. Experlanntally, the most com,,n failure =mchan.sms were

those normasly encvuntered In devices, such as voids in th-- honding, =isplaced

leads and poor metallization. The fluid-pressure environmeat, like mechanical

testing, vill sometimes accelerate these failure- mechanisms.
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It should be emphasized that no Significant long term testing was

done In this study. Although several fluid immersion stucies were conducted

for as long as one year, the tests were not backed up by adequate control

and base line studies to allow statistical evaluations. The most important

tests will involva cycling for long periods of tine. This approach has

been used at NUC, and numerous failures have occurred for some devices.

The whole area of plastic creep and stress relaxatiun has not been

treated and will need much attention. Evaluations of these p:oblems

should result in the establishment of needed screening tests for the

pressure induced failures. Failure nodes -hat result from the pressure

may be more or less difficult to detect than those nora encountered. For

example, over pressurization nay be an excellent accelerated testing

method.

From e reliability view, the fact that devices will be free flooded

in an iaert liquid could greatly enhance their reliability. This is true

for two reasons: (1) for free flooded devices the device will often be

uncapped or unencapsulated thereby permitting visual inspection even

after assembly into such systems; (2) the inert fluid will likely be

more benign than the typical encapsulation atmospheres. The latter

should greatly reduce the ocbillty of such impurities as water vapor.

Many failure modes are the result of poor quality control of the encap-

sulating environment.
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5.0 RECOM DATIONS

Based on the results of this study and the need for Navy systems
whi-h will function at deep ocean pressures, thr following recommendations

are offered:

A study should be initiated to define feasible

approaches to the utilization of devices which

are to be free flooded with the pressurizing

fluid. This should be coordinated very closely

with device manufacturers in order to assure

economical feasibility of the technolqgy

developed.

A study should be Initiated to develop passivation

techniques and materials to protect those devices

that are sensitive to the pressurizing fluid and

which must be free flooded.

A study should be Initiated to develop potti.g

techniques for those devices that must be protected

against the pressure in order to insure that all

types of components are available for the systems

designers.

A study should be intiated to evaluate failure

mechaniss that are expected, with particular emphasis

on those Induced by the fluid-pressure environment.

Presedifi pge blag k a
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A study should be initiated to develop a methodology

for evaluation of the reliability of devices and

systems in the fluid-pressure environment.

A study should be initiated to coasider modular

approaches to be utilized with components for

use in the fluld-pressure environment.

A study should be Initiated to develop systems

concepts for pressure tolerant electronics.

172



6.0 APPENDIX

6.1 Fundamental Stress-Strain Relations

The general problem faced in our analysis is to determine the stress

distribution s(x,y,z) in a laminar slab of material, thickness t, with a

uniform pressure P applied to one surface and a set of reaction forces, R,

and force couples (bending moments, M) applied to the periphery. The

general case is sketched in Figure 6.1 below.

tAt

Figure 6.1: Forces and moments applied to laminar slab

In general, the stresses resulting from the force and moment distri-

bution can be specified by the normal stress components sl' s2 and s3 and

the shearing stress components s4, s5 and s6. These are shown acting on

a volume element of the material in Figure 6.2 [Ref. 11]. The strains

resulting from a general stress distribution in the material are specified

by considering the change in displacement of a general point (u,v,w) in

the body with respect to the origin 0 of a set of rectangular axes x, y,

au au au
z. The change in u, v and w along the three coordinate axes 7x Ty Tz'
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Is

s5

Figure 6.'2:- Normal and •latress: component,
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etc., are used to define the normal strains

au av aw
el - , e 2 - , e 3 -

and the shear strains

ae u + v eav - + e4 - + v"w
yaz x 4 3z ay

Under the assumptions of linear elastic theory enumerated above, the

components of stress and strain are related by

(6.1)

J,k i 1,2,3,4,5,6

where the cjk are the elastic constants for the material and the repeated

index, k, implies a summation. For the homogeneous, isotropic material

assumed there are only three independent values of the c. coefficients,
jk

which are usually designated ell, c 1 2 and c 4 4 . This reduces the equations

implied by 2.4 to the form [Ref. 11]

s1 =c le + c1 2 (e 2 + e3 ) (6.2a)

s2 c 1 2 (e 1 + e 3 ) + c1 e2  (6.2b)

s3 c 2l(e 1 + e 2 ) + c1 1e3  (6.2c)

a C 44e4 (6.2d)

s 5  c4 e (6.2e)
5 44 5

a6 c 4 4 e6  (6.2f)
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t-:ie re... .

() - .) (l (1 - 2.) (6.3)

C1 2 = IEi(l ÷ )(1 - 2,) (6.4)

C4 4 = Ei'2(I + 4 (6.5)

where v is Poisson's ratio and E is Young's modulus.

Given the applied force and moment distributions, the stress distri-

)ution may in principle be calculated. The problem is greatly reduced

in complexity when there is a high degree of symmetry in the geometry

of the body and the applied force distributions, which is true in enough

.. lectrical component packages to allow the use of relatively simple

formulas to gain sufficient insight into manageable cases to obtain

estimates of what will happen in more complicated situations. Formulas

for stress in circular and rectangular plates and for cylinders under a

tiniforri distributed load(pressure), among others, have been tabulated

by Roark [Ref. 12] and are used wherever possible. For more complicated

`;1sts, such as composite material slabs, simple assumptions can be made

which allow extension of the formulas. Fcr example, a plate consisting

..ýrs of two different materials can be assumed to have ro slippage

Li1 interface.

(.2 Analysis of TO Can Structures

In the case of the TO can, a reasonable mathematical model is to

use a cilindrical structure with a flat top to represent the cap of the

fo can, nnd then to use a thick disk to represent the header, or the

bottom, of the TO can. With this model, one may then apply formulas
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derived for standard cases [Ref. 101, and analyze stresses developed at

various parts of the-structure due to the influence of an external

pressure upon the structure. These formulas are derivable from a more

general mathematical treatment of stress and ftrain, such as obtained from

a standard textbook of the theory of elasticity and a brief summary of

this theoretical analysis is given in Section 6.1 above.

Figure 6.3 shows the model used for a TO can and shows the analysis

of this model inLo a free-body diagram to facilitate the mathematical

approach.

The mechanical stresses generated in the cap can be calculated

theoretically by using superposition and the free-body diagram which is

shown in Figure 6.3. The forces acting upon the cap are membrane forces

acting on the flat top and on the cylindrical sides, a shearing force,

denoted by V in the diagram, and a bending moment, denoted by M0 in the

diagram. By using the principle of superposition, the effects of each

of these separate forces can be calculated on the flat top structure

and on the cylindrical structure, and then added together. F the

cylinder there are three conditions. There is a condition due to uniform

external pressure which results in a meridional membrane stress given by

Equation (6.6)

R

s= membrane meridional-stress = -P R (6.6)

A stress at right angles to the meridional stress, which is called the

"hoop" membrane stress, given by Equation (6.7)

R

S membrane hoop stress - -P R- (6.7)

A-5



Li I .d. Iiuia i 
' 

lQ

LI

diS, b0oLt,,v.-' ;':, I

Effect of pressure on

top cover

Sot t om

M M

0 0 ~~~Free body diagram with ~.~''
V 0 V stresa svs.tem:0 0

MOne Me P -applied ext-:roa , i ;.t"

t •_- induced bendlng. .. :011t
- • V - induced shear

Figure 6.3: Free body diagram for flat top cover

of TO can type housing
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The stresses due to the uniform radial shear force, V, are the meridional

bending stress, which in this case is identically zero at the end,

s= bending meridianal stress f 0 (6.8)
1Z

and a "hoop" bending stress, which is also identically zero at the end.

s; = bending hoop stress 0. (6.9)

Also, there is "hoop" membrane stress due to V, which is given by

Equation (6.10)

s= - 2VoX2 R/t 2 . (6.10)

The stresses due to the uniform radial bending moment, Mo, are a meridional

bending stress, given by Equation (6.11), a "hoop" bending stress, given by

Equation (6.12), a "hoop" membrane stress, given by Equation (6.13), a

shear stress, given by Equation (6.14)

t2'= 6M/t 2  (6.11)

s2 = M t (6.12)

2 o2

2
s - 2MoX R/t 2  (6.13)

s 5 = V0 /t • (6.14)

The stresses in the cap due to membrane effects, the shearing force, and

the bending moment are a tangential stress, given by Equation (6.15); a

radial stress due to the bending moment, M0 , which is given by Equation (6.16);

and a tangential stress, due also to the bending moment, given by
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Equation (6.17). Finally, due to the shear moment, V, there is developed

a uniform radial stress given by Equation (6.18)

3R2
-43R-2 (1/2- 1) P (6.15)

s = 6M, t2 
(6.16)

2st (6.17)

Sr = Vo t / (6.18)

Matching the boundary conditions and solving' for the bending moment, H0,

and the shearing force, V., gives the formulas for these two quantities

shown below in Equations (6.19) and (6.20).

iD

2R 2X 2R 2 A2t D
2D21+v) 21 2
1 4D1(1-K-) t 2 (l-v/2)[EtI+2RD

2 A3(1-v)0E
M2RA Et 22 (6.19)0 2 + __+_2D_2EI

D (l+v) 3t

L 22 1 E R3D2 /RAJ

o~~~~ 2 [ RA H 32
Vo 2A2 1 + D0v) J o\4DI(I+V)/ P. (6.20)

The parameters, A and D, with a subscript I appropriate for the top of

the cap, and subscript 2 appropriate for the cylindrical side of the

cap, are given in Equations (6.21) and (6..3.2) below.

Et 
3

D 2 k1 k- 1,2 (6.21)
12(1-vA
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k 2 2 k = 1,2 (6.22)R k

For convenience, these formulas are summarized in Table 6.1 and Table 6.2.

To give an example of the use of these formulas for an analysis, a

typical calculation is made in the following.

Example:

TO-18

Material: Nickel

R = 0.088 in

St2 = 0.00775 in

t = 0.0095 in

E = 4 x 10 psi

v = 0.28

m = 1/v = 3.57

Cylinder

P V0  M

s -5.7P 0 0

' 0 -79.8P

s -ll.3P 53.8P -44.2P

s2 0 0 22.3P

s 3  0 6.19P 0

The sum of the meridional stresses on the outside gives

S+ sI 74.1P
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Table 6.1: Flat top cylinder tr-eatment - cylinder stress components

Stres P v j H
- 0 0I PRj 0 3

I_- 2t 2

Sj 0 0 0

OA2VlR 12M o 2R
2 t2  t

C as tI

ss 00 _ _0

2 22

St F Vo 0•sr 0V + 6He

Edge _ _ _ ;

3g2 ___•
s. 4- 2 (l-v) 0

t2

+ "I

enter t1 2 +. 6

______I I•, P - ' - _ _

_ •{ A-IC



The sum of the meridional stresses on the inside wall is

(3 ÷+8•). -85.5P.

The sum of the hoop stresses on the outside wall is

:(a (2 + sj) - 20-6P.

The sum of the hoop stresses on the inside wall is

S2 + s2) - -24.op0

The maximum stress experienced In the cylinder is therefore:

(s 1 + s•) - -35.5P1

For a yield stress of 20,000 psi for nickel

P . 2
34 psi

Head -

pI I ,o

r I53F -5.0P

st -46.41' 53 0

The maximum stress in the top is

sr ' 48P .

I= practice, a perfectly flat-top cylinder is seldom encountered.

Usually, the sides are rounded to some extent. In some cases, the rounding
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approaches a hemispherical surface. To obtain an idea of how such rounding

will affect the stress resistance of the structure, one may take the

liwtzCing ý-e of a cylinder surmounted by a hemisphere and perform a

calculation in a manner similar to that performed above. Again, using

standard formulas from Roark [Pef. 12, pg. 307]. In particular, we take

the special case where the top thickness, ti, of the hemispherical top

is equal to the side thickness, t2' of the cylindrical side. In this

case, the bending moment is equal to zero, and the shear force, V0 lbs

per linear inch, is given by Equation (6.23) below.

Va - P/nS 1  (6.23)

The membrane forces on the hemispherical top are given by Equation (6.24)

below.

S1 - s2 PR/2t . (6.24)

The stresses due to the shear, Vo, are a stress of zero magnitude in a

meridional direction at the edge, and a hoop membrane stress given by

Equation (6.25) below.

2 [3(1- V2) (6.25)

The stresses in the cylinder are given by the ctresses previously

quoted, so that now the appropriate values of bending moment, Xo, which

is ze:o in this case, and a formula for the shear force, Vo, can be used

to calculate the stresses which developed in the cylindrical sides 'nd
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the hemispherical top under the influence of an external pressure, P.

,nese formulas are su=sarized in Tables 6.3 .nd 5.4. A comparison calcu-

lation of the maximum operating depths for severb: ccon TO can types

with a flat top and with a hemispherical top are given in Table 6.5.

Table 6.3

Hemispherical cap treatment for equal side and top thicknesses

Cylinder stress Components

Cause

StesP V H

sa -PR/2t 0 0

s 0 0 a

s2 -PR/t -PR/4t 0

2 0 0 0

so 0 P/8kt 0

Table 6.4

Hemispherical cap stress components

Cause
Stress P V

1 - PR/2t 0 0

s_ 2 - PR/2t 0
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Table 6-5: Comparison o. maximum opcrating depths for

some common TrO can types with flat tops and with hemispherical tops

Maximum Operating Depth (ft)

TO Can Type Flat Top Hemispherical Top

TO-18. 843 7700

TO- 5 550 6500

TO-66 248 2730

TO- 3 92.4 1670

T0-36 114 1870

6.3 Analysis of Semiconductor Chip Fracture Due to Header Deformation

The situation at the header or the bottom cover of the cap under

pressure is analyzed by considering two possible cases. These cases are

sketched in Figure 6.4. One possibility is that the edge of the header

is supported by the cap, but is free to bend. For this model we will

assume a circular semiconductor chip with radius a , bonded to a circular

substrate with radius a.. Th" substrate or header ir deformed by an external

pressure, P, acting on the bottom of the surface, which causes a deflection

of the header about the fixed edge supports. We also assume that in the

bendin., the semiconductor chip does not stiffen the substrate in any way.

From (Rei 12, pg. 216], the maximum deflection and maximum stress will

occur at the center, and the value of this maximum stress is given by

Equation (6.26) below:

2

. r)mx (sta. . + ( (s) P 6.26)

This maximum stress Is developed at the extreme fiber edges or the upper

surface of the header and Is in tension. The lower surface of the header
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edge support

Case 1: edges supporZe3, but not elanped.

a

P

Case 2: edges clamped.

Figure 6.4: Header under pressure
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is, of course, in compression. The stress and strain for a homogeneous

header are related by formulas (6.27) and (6.28) for the two strain cor-

7 ponents, and these formulas are given below:

er - (Sr - s a) (6.27)
s

et (st - vs st) . (6.28)
s

At the center, where the two strain components aro equal, their

value is given as a function of z, z being the verticsl axis to the

center of the header, as (6.29) below:

2s, 11- vs

er et z (6.29)

We take the z 0 to be the position of the neutral axis or the axis of

zero strain through the header. If it is now assumed that the strain Is

transmitted to the chip without slippage at the interface (perfect bond),

the ma.•ium= strain will occur in the upper surface of the chip. The value

of :his strain is given by Equation (6.30) below:

2s/ 1 v
emc '-- (t/

2
+ tc)---s (6.30)

Since

E

SMC c e (6.31)

S = + t 8 (3+ vs) P (6.32)
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Take, for exanple, a Kovar substrate which has the values 0.28 for

Poisson's ratio and 2 x 107 psi for the elastic constant, Es, with a

radius A s .150 inches and a thickness, t, equal to .060 inches. These5

dimensions are obtained for a typical can type TO-5 header. For a typical

silicon chip whose dimensions are: ac - .030 inches and a thickness,

t - .010 inches, and assuming the values 0.27 for Poisson's ratio and
7

1.83 x 107 psi for the modulus elasticity, E . We calculate fromc

Formula (6.32) that the maximum stress developed a: the upper surface

of the chip has the value given by.Equation (6.33) below:

mc -9.37 P. (6.33)

The maximum allowable stress in silicon in beading is given by (Ref. 13)

as 5.07 x 104 psi. Using the result of Equation (6.33), this stress,

the maximum allowable stress, is developed at a pressure of 5400 psi.

The second extreme case for the header is to assume that the cap

holds the edges of the header rigidly so that they are fixed end not

allowed to bend only if the circular iaxterior of the header is allowed

to bend. Again, we assume that the semiconductor chip does not affect

the substrate bending. We again assume that the strain of the upper

surface of the header is transmitted to the chip without slippage at the

interface. Using the formula given by Roark (Ref. 12, p. 2171, the stress

developed at the center of the base is given by Equation (6.34):

3(1. + v ta) 
(6.34sm a s = a (6.34)

at 8 \t7
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Thk stress adstrr.Vidf or a iec sneeugsuneratt. are aatdby Equations

16/-5) and (6.3)-: - - -

o *w-~ -~sj(6.35)

Z t-

A5  : the centr where the wo strain ::-ponants are equal, the strain

is+given by Cquatiz (6.37) with :z .-c , -taken at tihe neutr.-.1 axis,

2Oss= -1 6

e(0z) 2t V Is\ z . (637)

The strain at the unper surfazo of the hiPn IN given by Equation (6.38):

e- a B(t/2W42 tc) -, . -(6.,39 ) 5

I: C

: .e \EAZ- "]" "s] Is -/P r. (6'2"91
f \ /\ VJ L3a +\t

For the same materials and dimensions as in the prcvious calculation, the

maximum stress develeped in the chip is related to the pressure by

Equation (6&40):

Smc 3.65 P (6.40)
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4.4
Again using a maximum allowable stress in the silicon of 5.07 x 10 psi

(Ref. 21], we find that the maximum allowable pressure of operation for

a header is 13,900 psi.

It can be seen from the preceding analysis that even if the tops of

the TO cans can be reinforced to withstand higher pressures, there still

may be dangerous stress levels developed in the silicon chip by deformation

oi the header. The problem of a composite header made of glass and metal

combined can be approached by modifying the equations for the single

material case.

For a model, we take the fixed edge case which has already been

analyzed above, and we modify it to the case of the composite material.

The formula which gives the maximum stress, Sim, has already been quoted

above as formula (2.32). In this analysis, we will assume that there is

no slippage of any material interface, We will assume that the presence

of the semiconductor chip does not influence the stiffness of the header

disk, we will assume that there are only small deflections, and we will

further assume that there is a linear strain relation. Because of the

linearity of strain and therefore of the stress, the stress as a function

of z is given by Equation (6.41):

s (0,Z) = s LZ (6.41)

The bending moment per unit length at the center of the disk, M, is equal

to zero, and is given by Equation (6.42):

a t/2 2z 2 dz - sm (t/2) 3

-mf -t 3t

-t/2
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L-- 2(t/2) 2 x- ( 1)(- v) e

2

16-( ) P " (6.42)

Note that this is the bending mornent in one direction only. The factor v,

Poissen's ratio, takcs into account the tateral effects in the material

and hence, is a material dependent property. However, for most materials,

the value of v lies between 0.25 and 0.30 with 0.28 being a representative

value. Therefore, to first order the bending moment is independent of

the material, and for a given ? will depend only on the overall dimensions.

For the model composite disk, the assumed linear strain is given by Equation

(6.43), where the slope, a, is to be determined.

e(0,z) i cz . (6.43)

Let z0 be the boundary between the material 1 and material 2. Then the

sum of the applied forces must be equal to zero and is given in Equation (6.44)

t/2 E2, Il+Zo0 El zz

F =0 = ?-zdz zdz

-2z0 2 Zo

[z_(_ r2 ) 2 + (t + 2 2 22([-0'2 (t 2-z 0 ) + 2(i_\,i) [(tl1 ZO)-/ I • (
S2(1-v2) 0 01

Divide by El '/2(0 - and set A\ - E2 (0 - VI)/E 1 (l - v2 ) 2 Now,

A(2z0 t 2 )t2 + tI(2z0 - tl) 1 0 ,

or

(At22 _ L )i2(ALt (t,45)
0 2 (A
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Therefore, the position of the neutral axis is determined by the relative

thiJknesses, and the material constants. The applied moment is given by

Equation (6.46), which reduces to the value given by Equation (6.47).

fzO E 2a 2 tlI+zO0 ElaI- 2 z+fvI z(.6MH 2 d +J l--- 2285 (6.46)

-(t2-zO) z0

EP2 t Elo

3 2 ÷ 23) +2 [(t++zO)I - J01- . (6.47)

Solving for the slcpe factor, a, and using Equation (6.42) for the value

of M, we find that a is given by Equation (6.48):

S3 as2(1 + v) P

a . 3 a(t2_o)
3  

3 -o (6.48)
+t-O I I~~1 + 01 -v 2  + 1 - v 0

Taking as a typical example a Veritron West JEDEC TO-S shell-type material

seal with

-Eo :1 2 x l = psi tI - 0.015 inches
""•- Kovar

v - 0.28 a , 0.300 inches

Z' - 1.5 x 107 psi t 2 - 0.085 inches

Glass

v2 - ý.25 a = 0.300 inches

1 2-2

then A = G.782 and from (2.43), z0 - 3.34 x 10-2 inches.
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The upper ltirt of z - t- z0 48.4 mils. The lower limit of z = -(t 2-zO)

-51.6 mils. Therefore, the neutral axis is displaced from the center line

slightly toward the Kovar. The slope of the strain curve is

3 (0.3)2(1.28) P

15((8.5) + (8.5 - 3.34) 1 + 201(1.5 3.34) - (3.34)3]

0.75 0.72

-6a * 1.26 x 10- . (6.49)

The maximum tensile strain In the Kovar is given by

(e 1.26 x 10-6 x .0484 P 6.09 x P0- P • (6.50)

mmx

in the Kovar of

=2 x107~
2 x x 9.13 x 04- 2.54 x 104 ps

(Smax) Kovar I - 0.28

This is about half of the yield stress.

For a 10 oil thick chip of the deformed header, the maximum strain is

(e ) . 9.13 x 1074 x • . 1.11 . 16-

The maximum stress in the silicon chip will be

l.83 x107-
(1 x 1.11 x 10-3 2.78 x 103 psi

(Smax)si ' O. 73

The maximum allowable stress in sill:on is on the order of 5 x 104 psi, which

is about twice the developed stress.
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6.4 Analysis of Flat Packs

An indication of the unsuitability of "as is" flat pack designs for

operation under pressure is given by considering several examples. The

saallest area for the development of a force under pressure is offered

by a 1/4" x I/8" flat pack. Figure 2.12 shows a typical example of this

type. The base material is of either metal, alumina or beryllium oxide

with a thickness of abeut 0.02 inches. For these materials, the strengths

of interest are:

Metal (Kovar) - yield strength - 5 x 104 psi,

Beryllia - flexural strength - 3.3 x 104 psi,

4Alumina - flexural strength - 4.4 x 10 psi.

The base will have an unsupported area of about .087" x 0.197". Taking

the formula (2.2) obtained froa Roark [Ref. .12p. 227], w•th 0 = 0.5,

the lowest strength material, beryllia, will start to yield at a pressure

of

P 2 x 3.3 x It % .- 20 13,900 psi.

However, the top cover plate is typically Kovar of about 0.005" thickness

over an unsupported area of 0.107" x 0.217". Therefore, the maximum

pressure is limited by this cover to

4.005

P 2 x 5.0 x 104 . 2 218 psi
max .107

or an equivalent depth of 419 feet.

Another commonly used flat pack is the 1/4" x 1/4", 70-86. A typical

example, manufactured by Texas Instruments, is shown in Figure 2.10. Two
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different lid thicknesses are used, 0.0035" and 0.005". If these are

made of Kovar, the maximum permissible pressures fir the unsupported area

of 0. 180" x 0.180" are

P - 63 psi,fnax

or an equivalent depth of about 140 feet, for the thin lid (0.0035") and

Pmax - 129 psi for the "thick" lid (0.005"), or an equivalent depth of

290 feet.

Table 6.6 tabulates these calculated maximum oressures and those

for some other commonly used flat pack sizes. Note that in each case,

doubling the lid thickness will provide four times as great a maximum'

allowable pressure. Similar calculations can be made for dual-in-line

packages(DIP) which have a flat pack type chip cavity and use, typically,

metal lids on the order of 0.010" thick. Several of these are shown in

Figure 2.11.

Table 6.6: ,jaximum allowable operatipg pressures for

some commonly used flat pack styles

Lid Lid Haximum
Type a b Thictness (in) tlaterial P x(psi) Depth (ft)

Max

1/4" x 1/8" .217 .107 .105 Kovar 218 490

1/4" x 1/4" .180 .180 .0035 Kovar 63 142

.005 Kovar 129 290

1/4" x 3/8" .315 .200 .010 Kovar 268 604

"3/8" x 3/8" .300 .300 .010 Kovar 180 405
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6.5 Passive Component Package Analysis

An understanding of the effects of hydrostatic pressure on passive

component packages is provided by consideration of the basic cylindrical

package, shown in Figure 6.5. Also shown in this figure is the free body

diagram for the forces acting due to hydrostatic pressure P.

Considering the cylinder, it will be assumed that the end pieces

are very thick (t 1 -- a). In this case, the formulas from case 30, Table XIII,

pg. 307 in (Ref. 12] reduce to a bending moment of

H - -2PR
2 A-D2 /Et 2 (1 - v/2) (6.51)

and a shear force

V - 2X2H° (6.52)

at the ends. In these formulas

2 21/4
A [3(1 - v)/R t 2 1 (6.53)

3 2

D2 =Et 23/12(l - v2) .(6.54)

Denoting by subscript I longitudinal stress components and by sucscript 2

meridional stress components, the appropriate formulas for the outer

surface are:

Membrane stress components:

R R
l P s2 s -- P
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Shear Yorce Generated Components:

6V -A x
s,-- e s2ln 2x 9; ValSl A 2 t 2 2 2

2 -1 2x

s2 2o (cos 12x - sin 12x)

The formulas for the shear force and bending moment generated stresses

are for one end only (x - 0). The sase formulas apply to the other end

substituting (I-x) for x. Using the principles of superposition, the

stress components are added to obtain

6Vo r-½~x -12(-1

- j V- 2-+ - sLn A 2x + e s- n 2-

Totai 2t2 2sin2

o l-12x5 1
-- 2e [cos 22x + sin A2x]• ~t 2 2

e 2 (±X) [cos X2( -x) + sin A2 (1-x)] (6.55)

XZp4 21 [f'6vV 0 \ (RV\ 1

+ -22R°C ;~~o 2 - sl cos

(2=t 2  +e -2 sin ).2x _ (22 /o X12 ]

2t t t2

t 2

• ~-A2(t-x)
S+ e2(1) [cos A2 (t-x) - sin X2 (t-x)]
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S6oH° 
0 -A2xco- 2 -- e a cos ) 2x + sin A2xJ

t2

+ e [2 (cos A2 (1-x) + sin A2 I-x)] (6.56)

The parameter A2 is the standard by which the cylinder can be judged to

be short or long. For short cylinders (A2 small) the end conditions have

an appreciable affect near the center of the cylinder ( x -i /2 ). For

long cylinders, the end effects become negligible approaching the center

of the cylinder because of the exponential factors exp(-Xx) and exp[-A(Z-x)J.

The formulas (6.55) and (6.56) can be applied to the case of an

aluminum housing for an electrolytic capacitor. Typical dimensions are:

length, 1-7/8 inches; diameter, 7,8 inches and thickness, 0.015 inches.

For aluminum E - x 107 psi, v = 0.33 and the yield stress is s 2 x 104
Y

psi. For these values

21/4
A 2 - [3(1 - 0.11)/(0.438 x 0.015) ] - 15.7 in

This relatively large value of A allows the neglect of end conditions

near the center, and the neglect of conditions at one end when analyzing

the stress conditions at the other end. At the center, the stresses are

approximately,

2(0.015) P -14.6 P.

I- 2s -29.2 PS 2 1

The outer surface is in compression with a maximum stress in the merldional

("hoop") direction of about 29 times the applied pressure.
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The maximum value of (s1)Tota1 occurs at the ends of the cylinder where

(a,)Tota) = -14.6 P + 71 P - 56.4 P ("OZ)

i.e., the longitudinal stress is tensile. The value of (s2) at the
Total

ends is also tensile at a maximum value of

(s2) - 32 P , (x-0,L)
Total

The critical stress is the longitudinal stress at the ends. Setting this

4
equal to the yield stress sy 2 x 10 psi gives a maximum pressure of

4
P - 2 x 10 /56.4 355 psi,

or an equivalent depth of about 800 feet. Beyond this eapth, deformation

will start occurring at the ends.
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6.6 Effect of Stress on Semiconductors

Intrinsic semiconductor properties are determined-to a large extent

by the energy band structure of the material. The band shape, position

in momentum space, magnitude of energy, and number of band edga points

determine the semiconductor properties. It is usually assumed in the

energy band model of the piezojunction effect that only the energy

separation between the valence band maximum and the cpnduction band

mini-um are affected by stress. It is possible to consider some of the

other effects such as th!c cha in .-o-.'biy due to relative population

and depopulation of ccrta-n energy cxtrc=es, and change in effective

mass due to the band dist .,-on. However, moat of the first order effects

of stress on the electrical - -erties of p-n junctions can be explained

by considering only the effect le band gap changes.

In general, semiconductors have more than one valence and conduction

band edge point. Often the conduction band edga points are not located

at the center of the Brillouin zone. Let us consider the general case

of cc conduction band minima and 0 valence band maxima. Neglecting any

effects of streýs on the affective mass and considering the change in 4.

the energy levels it can be shown that under stress the minority carrier

density, pn or n is [Ref. 25]

p n PV

pn n° + +

(6.57)

•~~Z + exp-• - + • - -T= + • • •ex ,p - (e)

Where v - o4 and the LE - are the changes in the respective energy ex-

tremes and pno and n are the zero stress values of minority carrier
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density, It is easily shown that the intrinsic carrier conccntration is

2 2.-ni . n..2 7ý(e) (6.58)

where nlo is the unstressed intrinsic carrier density. The factor 7v(e)

is the parameter which relates the carrier density to the change of energy

band structure with stress. .he number of bands, their energy value, the

orientation of the stress with respect to the crystal axis, and the amount

of doping influence the dependence of 7V(e) with stress. This dependence

is discussed for the various semiconductor materials in the later sec-

tions of this report.

Given a particular semiconductor and stress orientation, the ultimate

interest lies in the effects of the strain induced changes in the minority

carrier density which Influence the p-n junction parameters. There are

two types of current that flow in p-n junctions: (1) diffusion or ideal

current across the space charge region of the junction and (2) generation-

recombination current resulting from trap centers in and close to the

space charge region of Ihe junction. The generation-recombination current

can be separated into two components: (a) that occurring in the bulk

material and (b) that occurring at surface of the material. Very little

infor-mqtIon is available on the effects of stress on the surface current.

The effects of stress on the diffusion currents and the bulk generation-

recombination currents can be tested.

It is interesting to note that it is the stress at the edges of

the depletion region that influences the diffusion current# and not the

stress in the depletion region. In a junction with a strain en on the

n-side of the junction and a strain e on the p-side, the hole ind elecP

tron diffusion currents at a constant bias voltage are (Ref. 25]
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p. f Ipo 7 V(en)

--.. •.In In . YV (6 (% .60)-•

S•hree nd e are the general strains at the two sides of the Junctior,
and !p and !n are the unstressed currents (each are voltage dependent),.c

•> ~It is nat unusual to introduce stresses in a Junction such that ore siie

•. ~ of the junction is stressed with a larger =ignitude than the other. -ibis .

-•= ~is particularly true for stress applied with indenter points. The total "

saturation diffusion current is -

is -- _Y (en) + 'n 1(e( .1

-• ~and

II= (eqV/kT -1) (6.62) •

where I I is the diode diffusion current. ••

~~If only a part of the jfhnction area, A., is stressed, for exam-ple £
ontensd n atep-ride, as shownm In Figure 6.6, •

•: ~(6.63) '

:n o A A Vp s
-- • A~sp.•

--• ~ For the special case of uniforma strain a :

S-• - ' s- s •s V~S_-• r 'SO -s [ - ý- A • (6.64):



A?

'----------.-- -

Figure 6.6A.: Stressed p-n junctioni model. [Ref. 25]

Force

.441

Junction Deplet Reion =
Regleion

Mechanical Situation Elect zos tatie- MA46ý

Figure 6.6B, Stress situation with-a differgutlatrhess
distribution at n-side of de1 v1r egion'
than at the p-side of the depi cion-regido.
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In-the case of bulk gencrzztioq:-rccosbination currcnts, it Is th"

stress iti the inict-on that aff•cts the current. The reconbinotfin cur-

rent ia given by

'" qV/kT
a~' (a•): -1) (V -- V

I v/- - o (f- 65)r b 111 k

wlere a and-1, arc 'out,:nts d&cLnding or. the lifitime and nii|er of tiap

cen•cers and t'•- en:rgy ; citlic in t!- bN-nd gap, and Vo is Lit- bullt- in

junction potentia' . Thic exp c sfIon nc-glect; -c|av,;es in the trap energy.

7be effects of strcssing oitl- aj-. art of the junctian can be accounted for

in the same r-anner a, was done for tha . f.ziin ¢ur-ent.

-<. 6.6.1 Effect of Stress oa Ce and .5

The effect of stress on Giý and Si has been previously 'eportzd. The

foll-wing is a su=.,ary of the previous work (Refs. 25, 26, 27] and is in-

cluded for co:r.lcten(.ss of this report.

The energy Land structures of Cc and Si are shown in Figures 6.7 and 6.8.

The degenerate "-, lcvel located at k = (000) ts thic rnxes valence

level and is assigned an en~rey value of zero for both Ge and Si.

Actually "I has v.;o ditfeient energy values, one corresponwling to

j and one corregkondinG co j = M. The 11 (j = ) level is -.0.06 eVS~3
below the 7r (j =0 • level fOr Si and -0.3 eV 'or Ge. The r.' (i

25 5 25

level is itself degenerate. lhe conduction level minima or valleys are

in the (111) directions for Ge and are located at L1 . The conduction

S~Ininirz on Si ars on the "1curvc and occur in the (100) direct'ions with

k valne slightly iess than that of the X, levels. in Ge and Si, X is

a degenerate levd.
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-FPIre 6.8:' Energy Band Structure of Silicon for the <11> and <100>
Directions in k-space.
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As one wouUl expcct, mechanical deforaation of a crystal destroys

Sthe lattice periodicity and the energy bands will change. The change is

described by using deforration potential coefficients [] which are defined by

S ~6

E° - E ]ses (6.66)
s=1

where E is the energy at the band edge point, E is the unstrai.-ed

erergy, and e are tie strain compon, ta. referred to crystal axes.

The allowed energy levels arc fodnd by determining the eigenvalues

of the llamiltonion. The energy change, I-E, is defined by

mZ -' E - E° . (6.6?)

The changes in the valence and conduction hand of Ge and Si are

surn-mrized boloe:

Vaience Band of Ge and Si
SD2 (e2l2

LlI Dd e + D)( 2 2 + e e 2 - eCe 3 C e 2 e 3 )
((;3(2 1 c+ 3 '2 1

(6.68)
..2J)?2 (

2 
-ie

2  
2

i •+ (ý 1) u)• (C 4 + o05 + e6 )0

' D e- 1) )2 e + C~ C 2'uV2 Id u ( + 32 el 2 ele 32e.,e 3
(6.69)

2 ,22

u(D (e 4 + c 2 +e 6 )AP

where EVI is the "heavy" hole band and 1V2 is the "light" hole band.

Condaction Band of Ge

4F (c+ C + e , (6.70)
Cl , ("d + 3-ju- e + -6U (e4 - e5 + e6 )

"•c2 (r], Sr" ½?) e + THU (Li. " e5 " e() (.I



SC3 - (]d + (-e 4 + e 5 - e 6 ) , (6.72)

= + .111 e + .1[] e - e5 + e , (6.73)•" •C4 = [d 3 [u) 6 +•] 4 e6

where EC is the conduction minimum in the [111] and [Ill] directions, E2

is the mini-s= in the [111) and [111 directions, EC3 is the m!nim=: in

Sthe [1] and (111] directions, EC4 is the minimum in the [111] and [111]

directions.

Conduction Band of Si

S[]~d e IL ;] e1 "~ ([]/ e42•; [4 -< (2[]u•)

[]u l [ + ([ ' e4 >I (2[C3 6
•:[]d e+ u]e +4- ; led

= •:• • lid e + 2] °2 *I M]" e ; l e.l .5 4/2((1)-),•[ld [" I c 2 - ((]u!e.A / l1 Y (2';
C2 /(6. 75)

.[]de ] C2 + (' e5 ; VsIj > ZI2([]')u

e dr []u e3 - ([]u e )2/ZE ~I6<I2

.AE C3 (6.76)
---.ld u e3 + 1 4K e6 ; e6! >,-(2f3,)

_nhere ECl is the conduction mini- in the [100] and [100] directione, E 2

is the conduction minimum in the [010] and (010] directions, E.3 is the

-mnimum in the [001] and [00o] directions.

Referring to the set of Eqs. 6.70-6.73 and to Eqs. 6.74-6.76 it is

seer that for a general strain some of the conduction minima increase in

energy while others decrease. This means that electrons will populate

the lowest m[nina and depopulate the higher minima. Likewise the valence

levels shift relative to each other as shown by Eqs. 6.68 and 6.69. Again
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the holes will populate the higher energy level. The band gap E is

defined as the difference in energy between the lowest conduction minimum

and the highest valence maximum. For hydrostatic pressure all of the

conduction levels shift the same amount. Likewise the valence levels

shlft together. The shift of E wit)h strain is then szLrly the change

fin the conduction levels minus the change in the valence levels.

Table 6.7 lists the changes in the conduction and valence levels for

a hydrostatic, uniaxial f100], uniafial fil1], and uniaxial (011] com-

pression stress. As Miown, the effect of uniin.ial stress is considerably

different from that of a hydrostatic stress. Uniaxial stresses generally

cause a splittir.ng of degenerate levels while hydrostatic stresses do not.

Using these changes of energy level and Eq. 6.57, the theoretical re-

lation of 
7
v (e) vs strcss is plotted in Fig. 3.4 for Ge and 3.5 for

Si.

6.6.2 Effect of Stress on 1I1-V Semicondu-tors

The III-V compounds crystallize in the zinc-blend structure which,

like diamond, has face-centered cubic translational symetry and its in-

verse lattice is body-centered cubic. The first Brillouin zone has the

form of the truncated octahedron similar to Gc and Si. The zinc-blend

structure has two different atons per unit cell and as a result does not

have inversion sys-metry. This lower sysmetry affects the band structure

removing so:se of the degeneracies which occur in diatzond-type crystals.

The major features of the energy band structure of 111-V compounds are

similar to those of Ce and Si. Neglecting spin-orbit Interaction, the hole

bands of III-V compounds are co=posed of three energy bands which can be

thought of as arising from the three bonding p-orbitals (P." . p') oi
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Table 6.7: Relative Change in the Conduction and Valence Energy Levals in

10- ev/psi as a Function of Hydrostatic and Uniaxial [100],

[111], [011 Stress

Energy Levels St:ess Orientation

Hydrostatic fl0o0 fill] (OIl]

Germanium

-3.45 0.60 7.55 4.08

a -l " 'C2 -3.45 0.60 1.29 4.13

4EV1 "EC3 -3.45 0.60 1.29 0.11

" -V1 - "EC4 -3.45 0.60 1.29 0.11

aV2 - "ECl -3.45 -2.95 3.36 -2.46

'2V2 - 8C2 -3.45 -2.95 -5.47 -2.46

/V2 -3.45 -2.95 -5.47 -6.47

an'2 - amC -3.45 -2.95 -5.47 -6.47

Silicon

61-4, - 6EC2 1.03 6.23 1.11 -1.33

"Vl - 4EC3 1.03 -1.22 1.11 2.38

a1l - aCI 1.03 -1.22 1.11 2.38

aV2 - 7C1 1.03 4.38 -0.44 -2.96

4-V2 " 'EC 1.03 -3.07 -0.44 0.766

aV2 - 1.03 -3.07 -0.44 0.766
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of the atoms. These three bands arc degenerate at k = (0, 0, 0) since

thicy are sir-ply transformed into each other by the cubic s)=etry at

that point. Each band is also spin-degenerate, so there is six-fold

degeneracy altngether.

The spin-orbit interaction caui.es a splitting of these bands, into

heavy and light hole bands and a split-oif band which is slightly lower

in energy than the other two bands [Refs. 62, 631. For Ge and Si which

have inversion sy--ctry at = (0, 0, 0), 7 E(9) is zero at the .origin

of k space and a local rminimu or =:xi== exists in the band structure

[Ref. 58]. For Ill-V corpounds, the inversion sy.-etry is =issing and

the energy bands are no longer required to have zero slope at the origin.

The energy band structure, however, does remain symmetrical in k-space

even when inversion sy=metrl is missing, i.e., E (-i) = C (k) [Ref. 65].

Typical hole energy band structures for the diamond structure and for

the zinc-blend structure are shown in Figure 6.8. The numbers indicate the

degeneracy of the various levels.

For the zinc-blend structure the non-zero slope on the energy bands

at the origin of k-space Implies that the maximu• hole energy or the band

edge points occur somewhere within the Brillouin zone. For most of the

111-V compounds, nowever, the band edge points apparently occur very

close to i = (0, 0, 0) [Ref. 65]. Figure 6.10(a) shows expanded sketches

of the hole energy bands near (0, 0, 0) for zinc-blend structures.

A detailed treatment of the effects of stress on the energy band

structure of 111-V compounds comparable to that of Ge and Si has ap-

parently not been mide prior to this contract. Because of the cubic

symetry, the effect of strc.s on the energy band structure at (0, 0, 0)
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a. Spin-orbit interaction ne-
lected (all face-centered
cubic lattices)

ROO) rill)

2 b. Spin-o:bit interaction in-
2 cluded (diacond structure)

[100] fill)

2 F. Spin-orbit interaction In-
2 cluded (zinc-blend structure;

Ill-V co:pounds)

[1001 fill]

Figure 6.9: Hole Energy Band Structure
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2 1

a. No stress

E E

2

2

2

[100] rut]

b. Stress in [100] or [III directions

Figure 6.10: tiole Erergy Band Structure under Stress for Values of k near

k - (0, C. 0). (Split-off Band is net Shovn.)
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ib similar to that of Ge and Si, and the splitting of the energy levels

w1ith stress can be described by three deformation potentials bdV. l~,

and D'. A detailed treatment of the energy band structure without stress
u

has been made by Dresselhaus using the • perturbation approach [Ref. 651.

It is possible to use this information to gain an indication of how the

energy bands are split under stress for small values of i near (0, 0, 0).

The i * ; perturbation matrix for cubic symmetry is similar to the strain

perturbation matrix. In the i • perturbation, second order terms in

k appear.in the form kikj. The strain perturbation has similar terms

of the form eji. Recognizing the similarity between the strain pertur-

bation and the - j perturbation, it is possible to obtain from

Dresselhaus's work the following expressions for the energy bands at

small values of r and for particular stress directions:

(a) Stress in (1001 direction; k in [100] direction

EV = DdU e + 2 D u) (el C e 2)
2 + CV (double roots) (6.77)

(b) Stress in [111] direction; k in [Ill] direction

f Du') e4 (double root)

Ev -D u + ) 4 + Ck (6.78)

1(D') e -%2C
u 4

Note that for k - 0, these expressions reduce to the same form as for

Ge and Si. From these solutions, the shape of the energy bands under

stress is sketched in Figure 6.10(b). As can be seen in the figure, the

major effect of stress is a splitting of the 4 fold dcgenerate level

at (0, 0, 0) into two doubly degenerate levels at (0, 0, 0).
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For piezojunction phenomena, the important effect of stress is the

shift of the band edge points and the accompanying changes in minority

carriers [Ref. 25]. As long as the hole band-edge points for III-V com-

pounds occur near (0, 0, 0), the nor"-l equations used to describe

stress effects in Gc and Si can be used as good approximations with

appropriate deformation potentials.

The majority of IlI-V compounds (GaAs, GaSb, InP, InAs, InSb) arc

direct band-gap materials with the conduction band minimum occurring

at (0, 0, 0). The effect, of stress on the conduction band is then

described by a single deformation potential, i.e., EC = D dc e The

effec- of hydrostatic stress is to change the band-gap uy the amount

&Sg - (Dc Ddv) d .

Neglecting the relatively minor differences discussed above

between the band structure of III-V compounds and Ge or Si, the changes

in the energy between the conduction band and the two valence bands for

III-V compounds are

c v 22 2 2 2A(EC - E) = (D - Ddv) e + (2t D) (ea + e2 + e3

(6.79)

- e1  ,- e03 - 023) I(' +1, (e 2 + 052 + e 2
1))k

For the [100], [11i], and (110] directions of stress, this beco=es

[Ref. 65]

A(ECc Eý) = (Ddc - Ddv) (sl + 2s 1 2 )S + •E (6.80)

where S is the magnitude of stress and sU are compliance coefficients,

and where



2 D (s -. s 1 2 ) S for [100] stress

tE D- 5 D 4 s for [11l] stress (6.81)

(2 D) 11 - 12~ + 44)2s T for [110] str..ss.

For the majority of III-V compounds, all the deformation potentials

are not knoJn so it is not possible to make detailed calculations of

stress effects. GaAs is an exception-in vhich all the necessary quan-

tities have been determined. The deformation potentials and compliance

coefficients are shown below [Refs. 66, 67]:

D8.7 ev s 8.1 x 10-8 (psi)-
d d 11

D =3.15 ev s12 =-2.52 x 108 (psi)-l

DI 5.63 ev s3 11.6 x 10-8 (psi)-1

For compressive stress of magnitude S these give the following changes

in the separation between the conduction band and the two hole bands:

(a) [100] stress

4E" 1,2 r 4.89 $• (10_7 ev/psi) (6.82)g t.428 SJ

(b) [111] stress

&E1,2 = 3.95s S 7 (6.83)
2 1.36 S)1-7 ev/psi)

(c) [110) stress

6E 1. ... 4....S (10-7 ./psi) (6.84)
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For a!l thv above stres surie.tations, -the theory prodicts an Increase

ir, the energy rap between the conduction level and both valence levels.

* This ariscs because the splitting of th2 valence levels under non-

hydrostatic stress is nor uffticcnt to overcome the Increase in the

band-gap due to the hydrostatic cozqonent cf strrss. ;

Using thA above values of chmges in. energy gap, the ratio of

stressed to unctressed minority carrier denvity c-nn be cal-ulaled.

This ratio, 7v(O), is deternined by the relation

y ) 3/2 A( - E~) 3/2 a(Ec Eq277 x[ kT V1 + N23/ ep K '3 (.5
V ( n)32 x[ (mV)31

Using the approximation

3/2 3/2 1 ) 312
•Vl _ V2 (MV) (6.86)

this can be reduced to

2 kT' kT (6.87)

This equation is plotted in Figure 6.11.

The piezojunction p!:enomena is normally observed by st-essing a

small region of a p-n junction--the small area being used in order to

achieve high stress levels with small forces. In Ce and Si stress

causes a decrease in the band-gap and consequently very large increases

in the current flow through the stressed area. The effect can be ob-

served because the current can increase by several orders of magnitude

which is sufficient to overcome the area ratio factor between the
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Figure 6.11: Ratio of Stressed to Unstressed Minority Carrier Density forGaAs as a Function of Uniaxial Comprescion.
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stressed and unstressed regiens. In GaAs the current in a small stressed

area should decrease becaure of the increased band-gap, and the Oaximum

change in current which can be observed is

~Inx=(A A )iA ,(6.88)

-where A is the total junction area aad As is the stressed area. Thus,

unless tho stressed area is a significant part of the total junction

area, very small current changes should be observed for GaAs devices.iI
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